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CHAPTER 1.0 

SUMMARY 

This document i s  a status report on the NERVA Source Term Program, which i s  part 

of the L ~ e r a i l  ROVER Flight Safety Program. This latter program has as its purpose the evalu- 

ation of the potential radiological safety problems arising from an in-flight abort of a nuclear 

piopelled rocket vehicle and the development of safety countermeasures which wi! l  be effec- 

t ive i n  minimizing the:  problems. A ?umber of governmental agencies and industrial organi- 

zations have part ic ipted i n  tl-e ROVER safety studies. The Source Term Program i s  concernea 

with the cc-relation of the information pertaining to the radiologicai safety problems resulting 

from re-entry and earth impaction of radioactive materials generated during flight operations 

of NERVA-type nuclear rocket engines. Such infwmation encompasses the following topic 

ureas: accident models and flight failure probabilities of nuclear powered rocket vehicles, 

the amount an" distribution of radioactive debris on the Earth's surface i n  the event of an 

in-flight failure, evaluation of flight safety countermeasure systems, interactions of radioactive 

debris with man and evaluation of the resulting radiological effects, and probable radiation 

exposure of the world population resulting  fro^ ~uc lea r  rocket flight operations. "Source 

Term" reports summarizing this information have been periodically issued. This document 

summarizes the source term studies and flight safety wcrk performed in  the period from Septem- 

ber 1964 ta September 1966. 

The following statements and conclusions are based on the information presented i n  

this report: 

1. Estimation of the fission product inventory of the fuel debris impacting the 

Earth's surface i n  the event of flight failure, requires the consideration of 

various fission product loss mechanisms and the operational and post-opera- 

tional history of the reactor. Fission product losses from the can occur by 

diffusion, corrosior;, and re-entry burnu?. Under normal (design) operating 

,onditions total loss of fission products from NERVA reactors by diffusion and 

corrosion mechanisms w i l l  not exceed 5 percent of the total inventory 
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generated. Loss of coolant or reactor excursion accidents would resuit i n  sig- 

nificant loss of fission product inventory by diffusion due to the high core tem- 

peratures reached. Loss of fission products from fuel fragments by atmospheric 

burnup and ablation during re-entry i s  dependent on the size of the fragments. 

Particles smaller than about 1/32 inch have c maximum of 50 percent burnup 

with burnup percentage decreasing for larger sized particles. 

2. The source term due to neutron activation of the struc:ural and metallic com- 

ponents of a NERVA engine i s  small i n  comparison with that due to fission pro- 

ducts from the fuel materials. Thus the contribution of activation products to 

the total radioactive source strength of re-entering debris can be neglected i n  

a safety analysis without introducing signiiicant uncertainties i n  the analysis. 

The nature of an in-flight accident and the probability of vehicle system failure. 

during flight must be known i n  order to define the probable radiation exposures 

to the population resulting from that accident. Examination of possible ight 

accident events for an NRX-type engine lead to the selectioq of a loss-of-cool- 

ant situation as being the most severe credibie malfunction situation. Based on 

the present design concept for the NERVA (5000 Mw) reactor, there do not 

appear to be any flow accident situations different from the NRX reactor other 

than loss~f-coolant to the tie tubes. However, there i s  st i l l  a need for detailed 

examination and identification of malfunction situations and evaluation of the 

response of the flight system to such malfunctions. 

4. Conservative estimates have been made of the nuclear stage reliability for 

hypothetical flight missions powered by NRX and NERVA sized engines. These 

reliability estimates were used to derive a function defining the probability of 

failure per second during the entire time interval of nuclear powered flight for 

these missions. These probcibility functions were used in  the safety analysis cf  

these missions to predict expected population radiation dose exposures. 



pnkmpMn-- --- - --- Astronuclear 
- - Laboratory 

WANL-TME-1506 

5. I f  no major countermeasure action i s  taken following an in-flight loss-of-coolant 

accident (a "passive" re-entry situation), an NU- type reactor w i l l  spontane- 

ously disassemble due to post-operational heating effects. Axial core support 

i s  lost within 20 to 3G seconds due to melting of the t ie rods. The lateral core 

support system fails at about 160 seconds after the loss-of-coolant accident. 

LJnder tumbling conditions, fuel elements could be ejected out the nozzle. 

Between 150 to 550 seconds after loss-of-coolant, tne core support plate i s  

incapable of supporting any loads. During final re-entry, when the re-entry 

vehicle en~?~~. r te rs  maximum aerodynamic heating and loading, complete dis- 

assembly w i l l  occur, with burnup and failure complete at cbout 95,000 feet 

altitude. 

6. The NERVA (5000 Mw) reactor should maintain its integrity under loss-of- 

coolant conditions for substantially longer time periods than the NRX based on 

the present conceptual NERVA design. The effective lifetime of the lateral 

support system w i l l  be determined by the lifetime of the beryllium reflector. 

Design features of the NERVA reactor to insure integrity for extended time 

periods under loss-of-coolant conditions are currently under study. 

7. Conceptual auxiliary thrust systems (ATS) appear feasible to insure a safe dis- 

posal of a failed radioactive nuclear engine. This can be accomplished by 

either dumping the engine into deep ocean waters or by boosting the engine 

into a long-lived Earth orbit thereby extending time of radioactive decay to an 

acceptable value. The conceptual ATS design utilizes multiple solid-propel lant 

rocket motors mounted on the instrument unit at  the forward er i of the hydrogen 

propellant tank of the nuclear stage. Use i s  made of the thrust obtained by 

controlled dumping of the liquid hydrogen remaining i n  the NERVA 

propellant tank. The successful use of an ATS system assumes integrity of the 
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I ?.,ctor up to and during the time of app!icatior, of the auxilliary thrusting 

a5on .  Therefore, reactor integrity following 10s-of-coolant accidents must 

b e  assured i f  the ATS sys:em i s  to be a successful safety countermeasure. 

3.  Ar explosive destruct test of a full scale mockup of a NERVA-NRX reactor has 

?r vided the best available data on the expected fragmentation of the reactor 

c0.e that would result from use of an explosive destruct countermeasure. The 

detonation of four in-place projectiles located i n  each quadrant of the core 

yielded a non-isotropic spatial distribution of the core debris. The measured 

dfstribution d fragment numbers, mass, size, velocity, and spatial location 

have been used to predict the Earth impact patterns of core d e X s  resulting 

from application of an in-flight explosive destruct countermwsv-e. Analyses 

have shown that for a critical 10 second time interval of a NERVA sub-orbit 

;tart trajectory i n  which a failure would result i n  African impact under passive 

re-entry cond;' ms, explosive destruct utillzed during the first four seconds of 

the interval could result i n  a l l  debris impacting i n  the ocean. However, this 

avoidance of land deposition of the debris c ~ n  be accomplizhed only i t  the 

destruct action i s  initiated over a very narrow ;aoge of reactor cttihrdes. For 

failure times later thcit the first four seconds, some land impact of debris w i l l  

occur regardless : reactor attitude. 

9. Fragw-tation of the NERVA core by a self-induced nuclear cxcursion offers a 

p tsn t i a l  safety counterrnosure technique. Experimental and anal yticol studies 

erforrned to date indicate that for a reactor period of 0.6 wuec or leu, there 

exists r.1 definite ;weshold i n  the energy required to fragment NERVA fuel 

matericrl, a.;..' that this threshold lies somewhere in the range of 1.7 x 10 15 
IS 

to 5 x 10 fissions per gram U-235. This threshold i s  reduced with increos- 

idlg fuel tempemture. The current design of the NERVA and NRX rcoct~rs do 



not appear to have the inherent capability of undergoing ssch excursions as the 

result of a reactor malfunction. Additional studies are needed to determine 

the mechanical feasibility and engineering problems associated with the reac- 

t ivity insertion requirements. 

10. Evaluation of the radiological safety problems originating from nuclear rocket 

engine debris requires information on the interaction of the radioactive debris 

with man and the manner and extent to which absorbed ionizing radiation i s  

distributed i n  man. Suitable analytical models have been developed for use 

within the ROVER safety program which define the probabilities of exposure 

of a receptor to the debris. Also, specialized radiological dose models have 

been derived for calculating either gamma ray exposures or the beta and gamm 

dose delivered from contact with a debris particle. 

11. Safety analyses hove been made for three hypothetical nucleur vehic!e flight 

missions. The relative effectiveness of safety cwnt~rmeasures to enhonce the 

xrfentss of the miuisn i s  quantitatively expressed i n  terms of the maximum 

possible and the expected (proboblt) number of persons i n  the general pop- 

lotion exposed to specified rodiotion dose levels. A direct compxison of popu- 

lotion exposures received under pssive re-entry conditions and for !he destruct 

ond ouxiliory thrust system countermeasures i s  not possible because different 

dose exposure models ond onolysis c d i t i o n r  were used. Reliminory ooolyses 

compcring explosive destruct ond nuclear (selfl destruct cwntermcasures, indi- 

cote thot the whole body pmma &se exposures from nucleor destruct m y  be 

f i f ty times grwter thon those exporurer resulting from explosive dtsttuct. This 

analyies i s  hrsed on presently ovoilable doto which may not represent the final 

rquirernentr for nuclcar destruct or rnoy not odtquotely reproduce the condi- 

t i w  thot exist with o flignt configuration system. Thus this comporim between 

!he two destruct countermrowras be t v o l w t t d  wirh o high degree of 

confidence. 
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CHAPTER 2.0 

INTRODUCTION 

Nuclear safety plays a particularly important role in the utilization of space nuclear 

propulsion system. As a result, since its inception considerable attention has been paid to 

safety within the ROVER program. The safety effort has been primarily directed toward two 

major areas: (1) evaluation of the potential radiological safety problems arising from a flight 

mission abort, and (2) the development of safety countermeasures which wi l l  serve to minimize 

these problems. A number of  governmental agencies and industrial organizations have partici- 

pated in the ROVER safety effort.. Because of the broad range of information generated within 

tke program, it was deemed desirable to isue periodical Source Term Reports to summarize the 

work pertinent to the ROVER Fl ight  Safety Program. The designation "Source Term" has been 

used to describe these reports because of the importance of the radioactive source strength in 

assessing radiobiological safety problems arising from in-flight failure of a nuclear propulsion 

system. 

The previous Source Term Report was issued September 1964'')~ and reviewed the 

accomplishments of the ROVER Flight Safety Program to that date. This present document 

swnmrizes the work accomplished in the program since the last report, and in  particular, 

uses much of the information published in a series of volumes entitled "ROVER Flight Safety 

Preliminary Review ". (2) 

It is hoptd that this document wi l l  serve as a guide or source book to ROVER Program 

contractors and others to summarize the present status of flight safety source term information. 

In addition i t  provides a compilation of references where more detailed source term information 

i s  available. The information included in this report i s  limited to work items pertinent to the 

definition and evrrluation of radiological hazards resulting from the re-entry and earth impac- 

tion of radioactive materials generated during flight operations of  NERVA type nuclear rocket 

engines. The information related to such items as ground handling safety, astronauts and crew 

safety, disposal of spent rocket engines and mission capabilities i s  not included, unless speci- 

fically related to earth re-entry hazards. 

References arc given at the end of each chapter. 
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CHAPTER 3.0 

SOURCE TERM DUE TO FISSION PRODUCTS 

The fission products that are generated and retained in the reactor fuel prov!de 

the major source of radioactivity arising from the operation of a nuclear powered rocket. 

In order to quantitatively evaluate the source strength of this fuel material, i t  i s  necessary 

to conside- the means by which the fission products may be lost from the fuel b t h  during and 

after reactor operation. The fission produc:t inventory of the fuel debris that impacts on the 

Earth's surface w i l l  depend upon many factors including: reactor operatins time, iuel 

element characteristics, high core temperatures attained i n  the event of off-design opera tion, 

reactor malfunctions or accident occurrence, and the physical state m d  size of re-entering 
- - 

fuel debris. 1 his section defines various mechanisms and operationai modes that affect the 

fission product source term, and summarizes the experimental and atlalytical work that has 

been performed to quantitatively evaluate this source term. 

3.1 FACTORS IN EVALUATION OF THE FISSION PRODUCT INVENTORY 

The analytical estimation of the fission product inventory remoining in  the fuel at 

any time depends on the accbracy of the mathematical model(s) used for the calculations in 

representing the actual build-up and loss mechmisms. The bui ld-~p and radioactive decay 

of fission products are caiculated using data on the fission yields and decay rates of the 

various isotopes. Loss mechanisms include diffusion of fission products out of the fuel matrix, 

corrosion of the graphite fuel by the high temperature 'hydrogen, and re-entry burnup. The 

following paragraphs summarize the analytical techniques and t l  ? experimental data that have 

been accumulated in the ROVER flight safety program to estimate quantitatively the fission 

product activity of NERVA fuel following reactor operation. The application of this data to 

predict the fission produc ' source term for NERVA reactors following normal or rnal functional 

operations i s  given in Section 3.2. 
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3.1.1 Generation of Fission Product Inventory 

The equations for calculating the fission ~roduct  inventory in a reactor due to 

fissioning of u~~~ are straight-forward but zomplex. The production and decay of a 

particular nuclide i s  considered to be a combination of the direct formation of the nuclide by 

fission, and the formation by production and decay of its precursors in thc same mass chain. 

Because of the complexity of the calculations, the equations are usually programmed for 

high speed digital computer solution. 

A number of computer programs are reported in the literature for calculation o f 

fission product abundances and decay energieP-8! Within the ROVER Flight Safety Program, 

data on the u~~~ fission yields and decay chains issued by the U.S. Naval Radiological 

Defense ~aborator)(~)have been used as the standard for calculating fission product abundances. 

Reference 9 details ninety comprehensive fission chain diagrams, and presents data on fission 

~ields, half lives, and branching ratios for 505 u~~~ f i ~ i o n  product nuclides. Also, data are 

tabuluted presenting the activity build-up in curies/rnegawatt for each of the 505 nuclides 

for reactor operating times o5 1 second to 60 minutes, and post-shukdown inventories for 

reactor runs of 1, 5, 30, and 60 minutes a+ 42 post-shutdown times frcm shutdown to 10 
9 

seconds. A description of the computer program used by NRDL to calculate fission product 

4' 0) abundances has recently been issue . 
Private industries working within the ROVER Flight Safety Prograr 4ave developed 

their own special pwpose fission product abundance codes for use within larger computer 

programs utilized for analysis of nuclear rocket safety. Westinghouse Electric Corporation 

00 originally developed its Fission Product Inventory Program (FPIP) to accommodate up to 

499 nuclides. Since decay energy spectra data were not available for many nuclides, the 

program was later revised to include 273 nuclides, with the library data updated to be 

consistent wi fh that of Reference 9. This revised program has been incorporated into the 

WANL Source Term Computer ~ r o ~ r a r n " ~ !  A comparison of the results betwecn the 499 and 

273 nuclide programs was shown in  Reference 13. TIie 273 nuclides have 

reduced to 254 nuclides in order to be consistent with the FlPDlF program 

recently been 

(See Section 
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3.1.2.1 below). The library was shortened by deleting very short half-life nuclides from 

several decay chains without significantly affecting the results. Lockheed Missiles and 

(I4# Space Company has developed their Fission Product Inventory Code (FPIC) 

i s  used as a subroutine in  their Nuclear Flight Executive ~ r o ~ r a r n " ~ !  The FPlC program uses 

a library of 123 nuclides and i s  similar to the WANL modified FPlP program in that i t  not 

only calculates fission product abundances, but also the gamma and beta energy decay rates 

plus the integrated number of disintegrations, integrated gamma MEV, and integrated beta 

MEV over any desired time period. NUS Corporation uses i t s  fission product abundance pro- 

gram, FLYASH, in  con junction with a program for Nuclear Rocket Safety Evaluation (NURSE 

1 1 ) " ~ ) .  The values of the library constants used i n  this program are i n  agreement with the 

USNRDL standards. 

A comparison of the nuclide abundance computer programs of USNRDL, WANL, and 

LMSC was made in March, 196.5 to determine any disagreement in the results of the three 

programs. The abundances of 55 radiobiologically significant fission products were calculated 
3 8 

for a 10-minute run time at 1000 MW, at decay times varying from 10 to 10 seconds. The 

result~(~~)showed nearly perfect agreement between the WANL and NRDL results. THE LMSC 

results showed some inconsistencies, with the LMSC results generally higher (by a factor of 

two in  a few cases) than the NRDL results, However, the variations were not considered 

sufficient to introduce significant errors in  the interpretation of radiobiologicol effects, A 

comparison between the WANL and LMSC recults for the gamma energy rate (MEV/sec) and 

the integrated gamma energy (MEV) showed relative differences of about 15 percent and 5 

percent res, .ectively. 

As indicated above, the WANL and LMSC computer programs calculate the beta 

and gamma decay energies of the fission product mixtures as well as the individual nuclide 

abundances. The gamma energy release rate i s  divided into seven standord gamma energy 

groups us follows; 
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Gamma Energy 
Ranae (MEW 

The units of the gamma energy rate are MEV/sec, which i s  directly related to dose rate. The 

utilization of gamma decay energy in calculation of gamma doses i s  discussed in Chapter 7.0. 

Similariy, the WANL modified FPlP program calculates the beta energy release rate 

i n  five energy groups: 0 to .25, 0.26 to 0.75, 0.76 to 1.25, 1.26 to 1.75, and greater 

than 1.75 FJLtEV. These energy groups only ~pproximate the true average or expected beta 

energies of the fission product mixtures since the assumption i s  made in the program that the 

average energy of a beta emitter i s  one-third the maximum beta energy (beta spectrum end 

point energy). A computer code has been recently developed by ~ ~ ~ ~ ' * ) r : h i c h  computes 

the composite beta spectra and average energies of fission prM(..xt mixtures by summing the 

spectra of the individual nuclides weighted according to their abundances. Graph of the 

(1 9) beta spectra for individual negatron emitters have been pub1 ished by NRDL . A report on 
00) 

the spectra of positron emitters i s  in  preparation by NRDL . 
In conclusion, there are many computer programs available that accurately calcu- 

late the fission product inventories and decay energies as a function of operating time and 

decay time. However, since mechanisms other than radioactive decay can reduce the fistion 

product inventory of NERVA fuel, use of these program alone cannot completely define the 

fission product source term of any fuel debris that re-enters and impacts on the Earth. The 

inventory losses by other mechanisms are discussed in the subsequent paragraphs. 



3.1.2 Mechanisms that Reduce the Fission Product Inventow 

0 Astronuclear 
Laboratory 

W A N  L-TME-1506 

Several mechanisms exist for NERVA reactors in which the fission product inventory 

may be reduced from that generated due to the fissioning process and normal radioactive 

decay. Loss mechanisms c c i  occur both durins reactor operation and in the time period 

following reactor shutdown. The fission product losses incurred during reactor operation 

depend mainly on the fuel characteristics and fuel temperatures roirched. Loss following 

reactor shutdown i s  largely dependent on core after heat temperatures, L; . ,he size of the 

fuel debris re-entering the Earth' s atmosphere. The fol lowing paragraphs describe the 

kesults of studies to define the mechanisms that may reduce the fission product inventory of 

NEKVA fuel. The quantitative reduction expected under different operational conditions i s  

described in Section 3.2. 

3. 1.2.1 Fission Product Diffusion 

Experiments show that certain fission products w i l l  diffuse Crom NERVA fuel at 

temperatures above 3200'~ ( 1 5 0 0 ~ ~ )  (silver us low as ~OOOOC), and the diffusion rate 

increases sharpiy above 4632O~ ( 2 3 0 O ~ j .  The fuel temperatures expected in the NERVA 

reactor w i l l  exceed the 3 2 0 0 ~ ~  critical temperature in the exit half of the core and w i l l  

reach temperatures of about MOOR (2200'~) at the exit end of the core. In the cgse of 

reduced coolant flow or loss-of-coolant due to some malfunction or accident, considerably 

higher fuel temperatures could be reached. Thus i t  becomes necessary to determine the extent 

of diffusion in order to predict the core fission product inventory. 

The diffusion of fission product nuclides through a solid matrix i s  a complex pbysico- 

chemical process, whose absolute rate cannot be predicted from a theoretical [asis. I t  i s  

necessary to experimentally measure the diffusion rates of the fission producis. During the 

past three years an extensive program has been in progress to experimentally measure the 

diffusion rates of the fission products in NERVA fuel. The purpose of these studies is  to 

determine the reledse of fission products from NERVA fuel as a function of time, temperature, 

geometry, and environment. The work has progressed in three major areas: (1) experiments 

to determine the magnitude of fission product release for times and temperatures characteristic 
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of normal reactor operations, (2) experiments to determi~e the magnitude of fission product 

release for times and temperatures that might be expected under accident conditions, and 

(3) development of means for using the experimental data to ptedict fission p r d 2 c t  release 

for future operations of NERVA reactors under toth accident and normal operating conditions. 

These studies have application for both the flight safety and the gro. nd testing progrcms o f  

the NRX/XE and NR/NE r :  xtors. For the latter case, the diffusion data have k e n  used 

2 1) to predict the radioactivity released in the efflueni gal . The results of the experimental 

diffusion studies have been documented in a series of comprehensive repo r+i22-2? The 

major results and concl~sions from the work performed to dcte are summarized below. 

Fuel Samples Used for Diffusion Measurements. Laboratory measurements of - 
fission product diffusion are made on two basic categories of NERVA fuel samples: 

(1) samples cut from new fuel elements which are irradiated in an experimental reactor 

facility, and then subjected to a controlled thermal heating cycle simulating NERVA onerat- 

ing conditions. Fo!lowing the heating, the fuel is  radiochemically analyzed to mec,ure loss 

of specific nuclioe: by diffusion; (2) samples cut from the radioactive fuel elements 

removed from the NRX reactors following full -power testing. Radiochemical analysis of 

these samples is performed to determine diffusion losses that occurred during reactor opera- 

tion. 

For those experiments involving samples of category 1, four different types of fuel 

have been utilized. Each of these fuel types represents a different possible diffusion path for 

the fission product nuclide to escape from the fuel. The four types of samples cnd their 

designation are as follows: 

1. Type II Fuel. This is  a sample cut from the as fabricated fuel with unlilred 

cooling channels, and consists of lo&-diameter UC beads having a 2% coating 2 
of laminar pyrol ytic graphite d ispened homogeneously in a graphite matrix. 

2. T:~pe II - NbC Fuel. This i s  a sample of the Type II fuel which i s  completely 

coated with a 2-mil thickoess of the NbC coated via a vapor deposition process. 

This coating represents the barrier through whic'. the fission products must diffuse i f  

escape i s  to be via the NbC coated coolant channels in full size NERVA fuel elements. 



3. Type Ill Fuel. This i s  a sample of Type II fuel which has been intentionally 

heated to 250O0C in vacuum for 30 minutes prior to irradiation. This thermal pre- 

treaiment results in  degradation of the pyrolytic coating surrounding the fuel bead 

accompanixl by migration of the UC into the graphite matrix. In Type Ill fuel, 
2 

the tendency for diffusion is  c -thanced, since the pyrolytic carbon coating i s  no 

longer present to act as a Jiffusion barrier. Similar thermal degrodation could 

occur in a NERVA reactor in the event of a malfunction or accident condition 

which caused a reduced or loss of cooling to the core th reby overheating the fuel. 

Experiments have shown that degrodation of the pyrocarbm coating i s  a time and 

temperature dependent phenomenon. Irradiated fuel held at 2 2 0 0 ~ ~  for 15 rninu tes 

shows evidence of degradation as measured by an increased release rate of gross 

gamma Improved fuel beads with triple laminar pyrogmphite coatings 

show enhanced diffusion when held at 2 3 5 0 ~ ~  for as l i t t le CIS 5 minutes(28), although 

photomicrographs show that the fuel bead and coatins are s . i l l  intact with no visible 

evidence of UC migmtim into tb graphite matrix. Fuel held at 25oo0c for 30 
2 

minutes, Type Ili fuel, i s  completely degaded with complete loss of pyrocarbon as 

evidenced by photomicrographs. 

4. Type Ill - NbC Fuel. This is a sample of the Type II - N K  fue! which hos 

been irradiated, and then subjected :o temperatures above 220O0C to produce 

degradation of the pyrocoating. 

A schematic illustration ot the four possible diffusion paths in NERVA fuel, corresponding to 

these four fuel sample types i s  shown in Figure 3-1. 

Additional fuel samples have been prepred recently to sImulate the reactor com- 

ponents and geometry. These samples are defined as unit and resemble the 

geometry of a NERVA fuel cluster assembly to provide identical diffusion path lengths for 

fission product release. This unit cell i s  a cluster of 4-inch long segments of NERVA fuel 

held together with a modified tie rod assembly. The fuel element cluster is contained in a 

hollow graphite cylinder three inches in diameter. 
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Figure 3-1. Fission Product Diffusion Paths in UC2 Fuel 



Fue! samples for post-operational analysis of the NRX reactors were taken if  

possible from fuel elements spaced in a radial line from the core center to the periphery. 

The radioactive elements were sectioned and 1/4-inch slices were taken at several axial 

I ~ a t i m s .  The slices near the inlet end of the core were used as control samples since 
0 

temperatures were no greafer than 900 C, and hence suffered no loss of fission products bv 

diffusion. The weight and activity of each fuel element slice were measund,the fuel was 

dissolved by a technique to insure no loss of fission products, and the solution was diluted to 

standard volume for subsequent radiochemical analysis. 

Experimental Procedure. The fcei samples were 1/4-inch diameter by 1/4-inc h high 

cylirrders machined from NERVk fuel elements, or were merely 1/4-inch slices from a fuel 

element. These samples were irradiated in the GET R, the TREAT reactor, or the reactor at 

the Westinghouse Reactor Evaluation Center, Waltz Mill, Pa. Following the irradiation, 
-4 0 

the samples were heated in a vacuum of 10 mm Hg c? temperatures ranging from 3190 R 

( 1 5 0 0 ~ ~ )  to ~ 3 5 0 ~ ~  (2700'~) for time intervals up to 30 minutes. A description of thc 

appratus used for heating these samples is  given i n  References 23 and 24. 

The radiochemical analysis resul ts of the heated samples are cunpred with that of 

an unheated control sample to determine the extent of release by diffusion of a given fission 

product nuclide. I t  i s  not necessary to analyze for al l  254 fission product nuclides comprising 

the iission product inventory since i t  rs tzsumed that t!w di%ion rates of a l l  isotopes of the 

same chemical element are equal and since 97percent of h e  inventory can be rep -esenttd by 2C 

elements. The elements and their contribution to the total fission product activity are shown 

in Table 3-1. In addition to the elements shown in the table, radiochemical cnalysis has 

been performed on silver and cadmium which are rapid diffusers. 

Resu I ts 

1. Type II and Type I1 - NK.  The complete results of diffusion experiments on 

the uncoated samples are given in Reference 23; results on the N K  coated samples 

are given in Reference 24. 



TABLE 3-1 

FISSION P R O D U C T  E L E M E N T S  O F  INTEREST T O  THE DIFFUSON PUOGUAM 

Percent Contribution 
0 fin# Afttr 10 Min 
Reactor Optcation 

Percent con: t ' f ~ ~ t i s n  
24 hr After 10 Min 
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The NK coating hod on inhibiting effect on the rel- of most fission products. 

A comperim btwem the r e l m  of voriovl fiuion poduch from m ~ o o t d  ond N K  c o ~ t d  

Type Il (u.1 i s  g ivm in F i v e  3-2. The r&tim in relees8 varies from 17 p.rcmt for 
89 

Ir to 57 percent for yP1 for -la k t d  ot 2200'~ far five minuta. An onrol !  

reduction of 46 percent w a s  f a d  for the ~ S S  releer+ of t h  fiuim p d u c t  invmtory. 

2. Type Ill ond T y p  Ill - N K  Fur l .  Complete dopa on the release of fission 

prodvctr from Type Ill fuel oregiveninRefmnce 24. For most nuclides there wos 

a greater nleose from Type Ill fuel t b n  Type II. However, no release of Mo 
9'9 

0 
or Z? - f d  wder the ~r severe test id it ion^, 2JX) C for 30 minutes. 

Conversely, stm, a d  blQ m e  completely r e l d  during the some 

The difference in th release froctims f a  t k  two iwl t y p  i s  shown in Fiprre 3-3. 
125 129 

T k  mat s ip i f i cmt  differmces in rekow between t k  two fvcl typcr; ware f w  Sn , Te , 
131 o 

4 I . In Type II fuel, no release of r k  nuclidrr xcurre; at 1W C, w k a o r ,  

opprtcioblt release occurs for a l l  three nuclida in Type Ill fucl ot this temperature. I t  hor 

been c k t t w n i d  tho, diffusion from frpe Ill fvcl con be repmrcnhd by ~ u i g r i n g  the elemenrs 

to art of eleven Ciffusion group. 

Complete &to on the release fmctians of fiuion poduch from Type Ill - NbC ore 

given in Reference 26. For mat  nuclides t k e  wos an inhibiting effect on the release km 

these coo td  sompln or compared with unc-tcd VM~PICS k t 4  under similor corrditi-. 

A comporim between the release from coat& and u n ~ ~ ~ t c r d  Type It! fvc! is  s h o r n  in 

F i w ~  3-4. The reductia~ in nl- v a i t d  from 4.5 percent for sfa9 to 60.2 p r c r n t  for 

 LO'^, f w  samples hcoted at 2400'~ fw 5 minute. ~e~~~ w a  on exception to the genrol 

trend; for this nuclide greater releose w ~ l  obtain4 with cooted rather thon uncocltd sump!-. 

This may be due to exchange problems in radiochcmicol onolyses. There i s  no r e a m  f a  

N K  to enhonce tellurium release. 
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Fuel and NbC Coated Type II Fuel 2200°C fcr Five Minutes 
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Figure 3-4. Comparison of Release of Fission Products from 

Types Ill and NbC Type Ill Fuels. at 2400°c. 15 Minuter 



3. h i t  Cell Experiments. Compiete data on h e  releose of individual isotopes dur- 

ing these exprimenh a n  given in hference 26. B e  average s,B9 fractional IdZme 

was 0.92 and 0.96 for J) minuter at 2300'~ and at 245Q0c, respectively. The sor- 

mponding Ehl* releaser were 0.67 and 0.65. Other isotopes showed less release. 

The gross gomma inventory release war 0.29 and 0.26, respectively. In general it 

appears that release from the 1/4- and 1/2-hexagorml fuel elements (rscd in the unit 

cell to f i l l  out h e  circular geometry) was greater &an from the regular hexagonal 

elements. There a n  some indicotior. h a t  release rate of  $F9 horn the unit cell is 

similar to the release rate from Type Ill - NbC fuel. It has been cons~uded(~~)that  

further unit cell experiments are necessary to obtain adequate data to describe re- 

lease of fission products from the NERVA reactor under loss-of-coolant conditions. 

Analysis of Diffusion Data. In or&r to obtain rate constants which describe the 

fractional release as a function of time, the rtleose dato for each isotope wP-e empi:ically 

fitted to an exponential function: 

f = e  -Dt 

where 

f = fraction of the nuclide concentration retained 
-1 

D = diffusion rate constant in  seconds 

t = time in seconds. 

The release data for Ce 
131 141f y9', La1? ~ e ' ?  and I are we1 l represented 

by the above equation. Figure 3- P' shows a typical plot of fraction retained versus time for 

137 ~ n ' ~ ' ,  $F9, klmt and xelJ3 indicate y9' in  Type Ill fuel. However, the data for CS , 
that diffusion appears to be a two-step process, with an initial fast release followed by a slow 

release which increased slightly wi th time. The nuclide retention as a function of time con 

be represented as: 

-D t f = Ge 1 + (1 - G)e 
- D2t 
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Figure 3-5. y9' Diffusion in Type Ill Fuel 
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where 

f = the total fraction of the nuclide concentration retained 

t = time 

G = the fraction of the nuclide concentration which diffuses a t  a fast rate 
characterized by the rate co!xtant D 

1 
1 - G = the fraction of the nuclide concentration which diffusas at a slow rate 

characterized by t l  e rate constant D 2' 

A similar mode for nuclide release has been reported by ~ u m w a 1 1 ( ~ ~ ) .  Far Ba and Sr, the 

fast diffusing fraction was 14.8 percent. For xenon, 10.6 percent diffuses at an ini t ia l  fast 

rate while the remaining 89.4 percent diffuses a t  a slower rate. A typical plot showing the 

two step release for Ba140 i s  shown in Figure 3-6(24). The rate constants, D, for a l l  

rlucl ides adhere to the Arrhenius Equation: 
E - -  

D = D e  
RT 

0 

where 

D = an experimental constant with dimensions of reciprocal time 
0 

E = the activation energy i n  calories per mole 

R = the g3s constant, calories/mol, -deg 

T = the temperature in degrees Kelvin 

(25) A typical plot of relotionship for ~n~~~ in NbC coated Type II fuel i s  shown in Figure 3-7 . 
A tabulation of the values for Do and E/K for Type II, Type II - NbC and Type Ill fuels i s  

given in Reference 25; the values for Type Ill - NbC are tabulated in Reference 26. 

Analytical Prediction of Diffusion. An analytical model has been developed 

uti l izing the experimentally determined diffusion rate equations to predict the extent of 

fission product diffusion occurring under a variety of operational and post-operation condi- 

tions. This program, FIPDIF(~~), calculvtes the fission product inventory which remains in 

the core and that which is  released to the surroundings for any given power and temperature 

profile. 
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Figure 3-7. krheniur Relationship fo: ~n~~~ in NbC Coated Type II Fuel 
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In its present form i t  can be used to simulate a reactor startup-run-shutdown 

protile consisting of as many as 40 time intervals. These time intervals may be of any aesired 

length. D u r i ~ g  each time interval, a power level and temperature are specified for each of 

as many as ten axial core sections. The core sections are disc shaped with a radius of 45.2 cm. 

They may be of any desired t5ickness. At  the conclusion of any or a l l  of the specified time 

intervals, the following data may be printed out: 

1. Remaining fission product inventory in each core section and/or total core 

inventory of each isotope. 

2. Curies of each isotope which have diffused from each section and/or total 

curies of each isotope which huve diffused from the core. 

FlPDlF i s  an integral code which solves the rwo Sasic differential equations: 

where 

Ni 
= number of atoms of isotope (i) in the given core section 

-I - power level in the core sect ion jf issions 'second) 

ri = fissior! yield of isotope (1) 

A .  decay constant of isotope (i) which i s  a precursor of isotope (i) 
I 

0 .  = branching rstio for the production of isotope (i) from a precursor (i) 
I 

Di  
= diffusion constant (characteristic of the isotope and the temperature 

of ;its core section) 

G. = 0 factor which :s cr.4 to account for the raster diffusion of the 
I 

fraction ~f some nuclides which are deposited externally to the fuel 

beads by recoil 
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and 

where 

L. = number of atoms of isotope (i) which have diffused from the core 
I 

section. 

Values used for the diffusion coefficients of the various isotopes were those obtained 

experimentally as described in the preceding paragraph. Provisions have been mode in the 

program to incorporate the diffusion coefficients for both the Type II (normal) and Type Ill 

(degraded) fuel, thereby permitting calc;riation of fission product diffusion at elevated 

temperatures. A comparison cf the predicted fission product release from the NRX reactor 

tests, as calculated by the FlPDlF program, with the measured release as determined by radio- 

chemical malysis is discussed in Sect ion 3.2.1. 

The FlPDlF program has no provisions for the calculation of temperature variation 

due to heat trunsfer from core section to core section or to the reactor components and the 

atmosphere. A computer program, NO FLOW(^'), is  capable of generating temperature p o -  

files in various compon.rrts of the NERVA reactor, but does not h a v ~  the ability to reflect 

losses of the fission product inventory by diffusim, and thereby does not accurately calculate 

the decay hear source. Therefore, in order to reflect the loss of fission product decay heat 

in the tore temperature calci~lations, and the effect of chcnging core temperature on diffu- 

sion, FlPDlF o-.d NOFLOW have been combi9ed into a linked This linked 

proarctn i s  particularly applicable whc:: Fgigh ccre temperatures are produced as for an 

accident in  which loss-of-coolant occurs. Further details on the coupled NOFLOW-FIPDIF 

program and the expected diffusion losses occurring under ha-of-coolant conditions are 

discussed in Section 3.2.2. 



Fuel Element Corrosion 

In the NERVA reoctor, under ful l  power operating conditions, the fuel elements are 

exposed to a temperature range of about 30°c at the inlet end to as high as 2 2 0 0 ~ ~  at the 

exit (nozzle) end of the reactor. Over a substantial portion of t h i s  temperature range, the 

graphitic iuel elements would be rapidly consumed by the chemical reaction of carbon with 

hydrogen to produce methane and acetylene. In order to minimize the extent to which these 

reactions occur (called hydrogen corrosion) a NbC coating is  3pplied to those surfaces of the 

fuel elements which are exposed to h y d q e n  flow. The present design calls for the coolant 

channels and the external surfaces at the exit end of the element to be coated. The NbC 

cmting i s  appl ied in a botch process by vapor depsi t  ion at 1 90O0c. The cooting thickness 

varies from approximately 0.4 mils thick at the cold (iniet end of the coolant channels) to 

approx: nate!y 3.0 mils thick at the hot end of the channeis. 

Fuel elements from each coating botch ->re hydrogen corrcsion tested under tempera- 

ture conditions more severe than expected for ful i  power NERVA operation in order to verify 

that the coating operation has produced a coating which i s  capable of affording adequate 

protection to the fuel element. Tinis corrosion testing also serves two other important pur- 

poses: (1) to characterize and under<tand the generol hydrcgen corrosion test behuvior of 

fuel elements in order to predict behavior in  reactor operation, and (2) to identify those 

coating characteristics which result in &served behavior and those characteristics which 

lead to imprcved behavior. 

The results of corrosion tciting of fuel eieme,.tc made for the NRX reactors have 

been documented in References 33, 34, cnd 35 and corrosion tests on the L.4Si  Phoebus 1 

elements are documented in Reference 35. The observc~tions and measurements of fuel element 

corrosion following the NRX reactor ground tests are documented in References 36, 37, and 

J8. 

To determine the redtrction in fission product inventory of the fuel due to corrosion, 

information on the loss of fuel from the matrix must be known. In the laboratory corrosion 

tests and in the post-operational examinm+im of the fuel elements, direct measurements of 

the UC2 1s t  from the fuel by coirosion have not been made. However, there i s  evidence 



that UC and fuel beads have been lost from the core during reoctar operation. Radioactive 2 
particulate samples were recovered from the ground following the NRXIEST test at distance 

of 1W fee? ?p 4.7 miles from the rmctor. Metcllographic, radioactivity ossay, ond o!ectron 

probe analyses vdere mode on this particulate material@'). The reults of amlysis of th i s  

material indicated that al! but one of the contaireo uranium, and the rr.dioactiv itj 

was due to fission product activity not activation product activity. The p r t i c l r  appened 

to be from fuel element frog men^, with the uranium in the form of both oxide and carbide 

in the paticla. In some, the presence of small pieces of NM indicated flaking of the be1 

element bore coat. The larger prticles exhibited irregular configurations, and the smaller 

particles were spherical. The size of some of the particle indicater that rather large 

( ' 5 0 % ) ~  ieces of fuel matrix or non-fueled graphite were torn away. 

Additional evidence of loss of fission product activity by "corrosion mchaniun" 

during cvmtion of the NRX./EST and NRX-AS tests has bten obtained by anolF;s of partic- 

ulate matter collected on Glters mounted on aircraft which flew through the reactor effluent 

cloud 99 (*I' 41! Amlysis of these aircraft filter samples h o w  the p m n c e  of Mo . labomtory 
99 99 

arpcrimnb indicate that neither Mo mr ih precursors zrw and Nb are released from 
99 NERVA fuel by diffusion at ternperotures UP to 260o0c. lhus the presence of Mo in the 

effluent cloud i s  an indicator of uranium f e i  b e i  loss by corrosion because Mow wauld be 

present only in uranium fuel beads. Extensive radiochemical analyses have been made on 

thew effluent cloud samples to determine the contributions by diffusion and comsion to the 

total fission product release. The results of these analyses are surnmorized in Reference 2:, 

and reveal that during experimental plans EP4V and EP-IVA of the NRX,/EST test, the corro- 

sion mechanism acccvnted for 44.8 and 59.8 percent, respectwely, of the total gross gamma 

radioactivity released. Furher data on the measured ioss of fission products by both diffusion 

and corrosion mechanisms are given in Section 3.2.1. 

3.1.23. &-Entry Burnup of Fuel Material 

Another means of reducing the fission product inventory of re-entering core fragments 

irrvolves the burnup of th i s  debris during he re-entry process. Assuming uniform distribution 

of the UC2 in the graphite matrix, as the mas of a reznkr ing particle decreases, the fission 

product invenbry associated with t h i s  moss loss will be diminished in direct proportion. - - .ma- a - m  . . C,. .. .- -. . . . . - - 4 - -  



A complete summary of the amlytical and cxperimenhi work pcrfwmtd up to 1964 

to evalurte NERVA fuel n-entry burnup wos published in the previous NERVA Source Tenn 

~ e ~ o r t " ~ ) .  No s;gnifi=ont additioml work within the Rover Program  ha^ been pklirhed since 

that time. The maior results of h e  work re~orted in Reference 13 are ~ ~ ~ t t d  below for h e  

sake of comsleteneu of this docurne~t. 

Analytical Evaluaticm of hrnup. Aralyticol models, developed by both General 

E k c t r i ~ ( ~ * )  ard ~ e s t i ~ a n ( ~ ~ ) ,  have been pmgmmmed for digital compute* solution of 

re-entry burnup. The models are k d  on theoretical comidcrat io~ of the rate of gmphite 

oxidation under h e  flow regions encou~tered during ahnospheric re-erb-y. k i u l f t  of h e  tm, 

program vory somewhat, H ith the irVestinghouse model yielding a greo, percentage of bumup 

than the G. E. Model. A comparison of the probable reasons for the divergence of  reurils be- 

tween the two programs i s  giver. i r ?  Reference 13. The basic difference in  the analyses lies i n  

the assumption of which of the several graphite oxidation step is  rate controlling. 

The c x s c t  2;  & ~ - L P  ?kcL C C C U ~ S  depends on partic:e size, re-entry angle at the top 

of the aimsphere, s d  wrticie . e l ~ c i * ~ .  For cases of interest i n  ROVER Flight Safety, the re- 

entry angle w i l !  be s m ! i  1 < 13 degrees), a d  the effect of varying re-entry angle can be neg- 

lected. Also, the carticle velocity w i l l  differ l i tt le from the orbital velocity at re-entry alti- 

tude. I f  these parameters are neglecied, re-entry burnup o f  small NERVA fuel graphite part- 

icles can be represented by a single curve, as shown in Figure 3-8. These data are bused on 

the Westinghwse bunup model, and one derived h m  the WEREC computer program(U). The 

data of Figure 3-3 are used by LMSC in their Nuclear Flight Executive Rogmm for NERVA 

destruct ana l y~ i r (~~ ' .  The WANL  jource Term Camputer Program utilizes the WEREC program 

as a subroutine, and therefore calculates the extent of fuel burnup for the actual re-entry 

tm jectory. 

Experimental Evcluation of Burnup. A series. of experiments were performed by 

WANL to determine oxidation rates of graphite under simulated re-entry conditions (43,451 

The tests were conducted in a plasma-jet facility, and were confined to examining oxidation 

under continuum and transition flaw conditions. The experimentaliy determined oxidation 

rates showed good agreement w i th  the theoretically cc-!culated rates. 
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The addition of metallic additives to the graphite did little to enhance re-entry 

burnup(16! Irmdiated samples of NERVA fuel were also tested under simulated retnt ry  con- 

dit im~'~') and th is  w d  indicated that irradiation ,!a not affect the rate of oxidation of 

re-entering graphite. It can be concluded from klth the analytical and experimental studies, 

that the reduction in the source term of re-enterins fuel debris wil l  be a maximum of about 

50 percent, and appreciably less than this for portic;as greater than 1/16-inch diameter. 

A potentially gmter loss of fioion products fr un NERVA fuel by n-entry burnup 
(48) and ablation following a nuclear (self) destruct action has been postulated by LASL . 

Examination of fuel samples and graphite fmgrnents of unfuekd support eleme~ts and reflector 

fragments following the KIWI-TNT experiment has shown evidence of condensation of fission 

products on the surfaces of these fragments, rather than pressure penetration of the fission pro- 

ducts during the excursion. Thus, if the fission products primarily reside on the fragment sur- 

faces, even a 10 percent ablation might  loss may be very effective in reduction of the fission 

product inventory of the debris impacting on the earth. 

3.2 FISSION PRODUCT INVENTORY F O R  DIFFERENT MODES OF --ACTOR OPERATION 

It was shown in Section 3.1 that the fission product inveninry generated during 

NERVA reactor operation could be diminished by several mechanisms depending on the opem- 

tional and post-operational history of the reactor. This section defines the expected losses in 

the fission product inventory under normal and ab~ormal reactor operating conditions. With 

the prediction of such losses, it then becomes possible to define the source term of the fuel 

debris that impacts on the earth. 

3.2.1 Normal Operations 

"Normal" reactor opemtion refen to that operational mode in which the reactor i s  

operated at or very near itt design conditions of power, temperature, coolant flow, etc; ha t  

is, opemtion in which no deliberate or known off-desigr: conditions, abnormality, or mal- 

function exist. Experimental measurements of the fission product losses that occurred with 

each test of the NRX series of reactors were conducted from the start of hot testing. Although t 

some operational abnormo I ities were experienced during this test series, the operations, in 

normal reactor operations and provide an excellent basis for the general, are indicative of 

determination of expected fission product losses under normal reactor operating conditions. 



WANL-TME-I 506 

Ar the technology of the NERVA reactor advances and as improved fuel performance is ob- 

tained, the finion product loss by corrosion and diffusion mechanisms under normal operatiom 

i s  expected to be less than that experienced to date in the NRX test series. The measured and 

predicted (by the FlPDlF code) losses of fission products for each of the NRX tests a n  summor- 

ized in  the following paragraphs. 

3.2.1.1 NRX-A2 and NRX-A3 Tests 

The resulk of radiochemical analyses to measure the 10% of fission products from the 

N R X - A ~ ' ~ ~ )  and NRX-A3 (25, 26) tests sMmarired i n  Table 3-2. The predicted values of 

release as calculated by the FlPDlF program at the time of the test are also shown i n  th i s  table. 

FlPDlF calculations using diffusion constants for both uncoated and NbC coated Type II fuel 

were made for the NRX-A3 test. As can be seen, the calculated data using the Type II - NbC 

constants more closely agrees wi th  the experimental data, leading to the conclusion that the 

primary path for diffusion i s  through the NbC lining into the cooling channels. Type II - NbC 

constants had not been determined at the time of the NRX-A2 test, and tk prediction for the 

NRX-A2 test using these constants has not been made. 

The data of Table 3-2 were determined by post-mortem radiochemical analyses on 

fuel samples only - aircraft effluent samples were not available. There is  some uncertainty 

in these measurements, since the amount of activity released i s  based on m a l l  differences i r  

large numbers. Both reactors were run at essentially identical steady state conditions of  power 

and temperature, and similar fission product releases would be expected. On th i s  hasis, the 

12 percent difference in the measurement of the gross gamma activity released (1.02 and 

0.9 percent for the A2 and A3, respectively) represents fair precision. Since effluent samples 

were not available, it is  not pasible to define the fraction of the total release due to corro- 

sion. The predicted results assume al l  loss was by diffusion. 

3.2.1.2 NRX/EST (NRX-A41 Test 

The NRX/EST reactor was operated I: February - March 1966 according to five ex- 

perimental plans (EP) at various power levels. Oniy the last two runs, EP-IV and EP-IV A 

were conducted at full power for a significant time (approximately 15-1/2 and 13-1,'2 min- 

utes, respectively). The number of fissions produced in the fuel during EP-IV and EP-N A 
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was approximately 54 percent (27 percent each) o f  the total fissions produced during the en- 

tire pewer operation of the reactor. 

The results of the measured and predicted fission product releases for EP-IV and EP- 

IV-A are su~~mar i red in  Tables 3-3 and 3-4 There data are based on radio- 

chemical analyses o f  particulate material collected on f i l t on  from the effluent cloud during 
99 

each EP. The release due to corrcsion i s  based on the results o f  Mo analyses as described 

i n  Section 3.1.2.2 and i s  shown in the tables. The amount o f  fission products lost by diffusion 

i s  the difference between the total release and the corrosion release. The predicted release by 

diffusion mechanism as calculated by the FlPDlF program i s  also shown in these tables. 

Tables 3-3 and 3 4  show that the corrosion mechanism can account for a significant 

portion of the total radioactivity release. The percent o f  total radioactivity released due to 

corrosion during each of the experimental plans i s  tabulated in  Table 3-5; for many nuclides, 

corrosion release accounted for over 50 percent o f  the total activity released. 

The data o f  Tables 3-3 and 3.4 show that the measured iirsion products released by 

diffusion are greater than the predicted diffusion using the Type II- KbC diffusion constants, 

which indicates that me fuel elements lost some of the bore coating. However, fo: the EP-IVA 

the actual release by diffusion was greater tha,~ the maximum predicted, even with uncoated 

fuel diffusion constants. A pssible explanation may be due to the higher temperature reached 

in the peripheral elements caused by the large control drum angle reached near the end 9f the 

test. 

3.2.1.3 NRX-A5 Test 

Post-mortem radiochemical 

pleted, and therefore, final data on 

analyses on the NRX-A5 fuel elements has not been com- 

measured release of activity i s  not available. However, 

preliminary data on the release during EPlll and EPIV, as determined from effluent samples, 

has been reported(49) and are summarized in  Table 3 4 .  These data show that the corrorion 

mechanism accounted for only a small fraction of the total release in EPIII, but that i n  EP- 

IV, the release of fission products by corrosion was approximately equal to that released by 

diffusion. These data are preliminary in that they are based on the assumpt,on that 50 percent 

o f  .^ision cadmium i s  released to the erfluent cloud. The actual cadmium release wil! be de- 

termined by post-mortem analysis, and it i s  necessary to define the fraction o f  the effluent 
.--- - . 

" v . . 
L- I W L I ~ ~ W - ~  7,- 
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IUC LlDE 

Ba 
140 

S r 
9 1 

S r 89 

7 97 -r  

Zr 
95 

~ d '  l5 

M o  
99 

1 1  1 
Ag 

~b~~~ 
1131 

133 

Te 
132 

GROSS 
GAMMA 

TABLE 3-6 

MEASURED FISSION PRODUCT RELEASE FRGtd NRX-A5 

EP-Ill CLOUD SAMPLE EP-IV CLOUD SAMPLE 

% OF TOTAL INVENTORY RE LEASED 

TOTAL CORROS IaN 
-. 

0.003 

0.003 

0.003 

0.003 

0.003 

ASSUE 

0.003 

0.003 

0.003 

0.003 

0.003 

0.003 

DlFFllS I O N  

Oh OF TOTAL INVENTORY RELEASED 

TOTAL CORROSION 

* Less was found than corrosion indicated. 

'All of above data i s  preliminary and i s  based on an assumed 50% Cd releasi.) 
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cloud sampled(*'). Cadmium releas in the NRX/EST test war about 60 percent. Thu., if this 

same release occurred in the NRX-AS test, the values of Table 3 6  ww ld  increase by a factor 

of 6/5. 

Comparison of the NRX-A5 raultr  with t h e  of the NRX.hST haws that the total 

gross gamma re!easec! by NRX-A5 was approximately 50 l ~ r c e n t  of  h a t  released by NRXBST. 

Yred~cted gross gamma release by diffusion usins Type II - NbC diffusion contstants for NRX- 

EP-Ill agrezd with the measured release by diffusion. The predicted gross gamma release by 

both corrosion and diCf usion for NRX-A5 EP-IV was only 25 percent higher than the totai 

measured release. 

3.2.1.4 Conclusions - 
Experimental measurements of the fission product releusc from the NRX-A2 through 

NRX-AS reactors have shown t h d  the gross gamma radioactivity release expected under nor- 

mal operuting conditions i s  in the range of 1 to 7 percent of  the fission product inventory get- 

emted during operating times at full power to about 17 minutes. For :he larger release rates, 

corrosion of the fuel elements contributes about one-half tc the total rclease. This extent of 

corrosion is  consideled unacceptable for future NERVA reactors. With the development of an 

improved fuel, i t  is  expected that corrosion losses (and diffusion losses) wi l l  be reduced. In 

order to obtain the desired core life of up to 60 minutes at ful l  power, it i s  reasonable to as- 

sum; that the maximum release by corrosion wi l l  nc exceed 4 to 5 percent of the total fission 

product inventory generated. For presently envisioned missions utilizing a NERVA engine, 

single operqting periods of the engine wi l l  probably not exceed 30 minutes. For operating 

times equal to or less than this, i t  i s  conservatively estimated that total losses of fission pro- 

ducts b; both diffiljion and corrosion w i l l  ~ r o b c b l ~  tlot exceed 5 percent of  the total inventory 

generated. Thus the inventory wi l i  be at least 95 percent of the theoretical inventory if no 

diffusion or corrosion losses occur. Estimates of biological dose and dose rate caiculations 

based on a source activity known within 5 percent accuracy are cons~dered acceptable. Thus, 

i t  can be concluded that for evaluation of the source term upon re-entry of the reactor or core 

fragments following normal reactor operations, the loss of fission products from the core during 

the reactor operating period can be ,;eglected. 



3.2.2 Malfunction - or Accident Conditions 

Reactor nralfunctiom or accidents may lead to conditions which wi l l  prduce ahor-  

mally hip4 core temperatures, thereby enhancing Ion of fission prcducts by diffusion. Acci- 

dent ond malfunction situations which have been investig-fied in the NERVA program are dis- 

c d  n Chapter 5.O.The accidents which wi l l  result i n  the greatest IOSS of fission products 

are loss-of-coolant and nuclear excursions. The predicted inventory losses that would occur 

under these two accidc nt conditions are discussed below. Dctailea discussion on the responr 

of the NERVA system to loss-of-coolant accidents ana nuclear excursions are presented in 

Sections 6.2 and 6.5, respectivel.. . 

In the event of a lost-of-coolant accident, the nuclear core wi l l  attain h igb tempr- 

atures, and diffusion of fission products results. The present discussion i s  limited to consid- 

eration of in-fli$t accidents. i-lence, the dispersion of these gaseous fission products outside 

h e  Earth's sensible atmosphere, does not pose any particular biological or ecological safety 

?roblem. In fact, the loss of fission products ot high oitituaes w i l l  enhance NERVA flight 

rafety as a result of the fact that the fissior, product inventory of the remaining core material 

which may eventually re-enter the Earth' s biospherz w i  1 l be reduced accordingly. This sec- 

tion describes the computer program used to predict f is ion product loss uqder loss-of-coolant 

conditions and piesents typical analytical predictions. 

NOFLOW-FIPDIF Analytical Model for NRX. The digital computer program NO- 

FLOW-FIPDIF(~~) war produced by linking modified versions of two other programs - NO- 

FLC)W(~" and FIPDIF(~~). The f la t  program. NOFLOW. describes the portaperational 

thermal response of an NRX reactor sutqequent to a loss-of-coolant accident. This program 

takes into account two basic energy souras - heat deposition due to fission power and heat 

deposition due to fission product decay. The analytical model divides the nuclear reactor 

into a number of components and component sections. (This model i s  described in Section 

6.2.1.1.) Temperatures of these component sections are evaluated as a function of t!me after 

loss-of-coolant by performing a thermal balance involving the aforementioned energy sources 

and the thermal losses and gains arising from conduction and radiation. 
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The FlPDlF computer progr\.m is  concerned with the loss of fission products from the 

NERVA core via a diff-ion mechanism. Si:r= the $):icd and mathematical models invol- 

ved in  the diffusion process w e n  k c r i b e d  i n  Section 3.1.2.1, h t y  wil l  wt k rtpeottd +en. 

tiowever, it should be *-emphasized that the rate and, hence, ?he extent of fission produci 

diffusion is  strongly tern-rature-dependent; the rate increases exponentially with fuel (em- 

pemture. 

Obviously, thest two computer programs must be coupled in  order to predict core 

temperatures and the magnitude of fission product losses subsequent to loss-of-coolant. While 

the c o n  temperatures predicted by NOFLOW depend to a large extent upon the decay of 

fission product in the fuel, the loss of fission products from the core predicted by F I W F  and, 

hence, the quantity remaining, depend on the temperature of the core. %us, by linking 

both programs, meaningful estimates of fission product losses and of core temperatures may be 

mode. The coupled progrm is described in detail a brief description of the 

program follows. 

Since both NOFLOW and FlPDlF each required more than two-thirds of the avail- 

able computer stomge space, it wcs necessary to separate their computational functions into 

two links of a chain program and to use a third link to accept input data and to perform init- 

ializing operations. The program operates as follows: 

1. input is read into Link I. Here values for required constants are set and initial 

values of variables are determined for both Link II and Ill. 

2. Control i s  then transferred to Link Ill (the FlPDlF program) which evaluates the 

fission product iwentory during normal operation. By taking into account the core 

-*rating temperature profiles and appropriate diffusion constants it evaluates both 

the inventory released a d  that retained under opemtional conditions. Finally, dur- 

ing th i s  step of the operation, Link Ill evaluates the rate at which the fission pro- 

duct decay is  decreasing when loss-of-coolant occurs. 

3. Control i s  then transferred to Link II (NOFLOW) which calculates temperatures 

of reactor components for a series of time steps. The fission product decay energy 

used ic these calculations i s  approximcted by using the decay power at shutdown and 



the v a l e  of h e  rate of decrtose of decay power as calculated in Link Ill. Temper- 

ature change calculatiom are continued until any given core section chanes temper- 

ature by &R. Time weightad con section temperatures a d  power levels are 

evaluated for the length of tim that contml was maintained in Link II (AT$. 

4. Con*rol i s  once again transferred to Link Ill where the change in fission product 

inventory dur in~  the tim step, AT is  calculated. Evaluation of the fraction of 2 
inverrtory retained IP the core and that released to the environment are included in  

these calculations. Fimilly, a decay power i s  calculated based on the total inven- 

tory remaining in the core. 

5. Link I1 i s  then used to calculate the core temperature changes for one step (DELT). 

6. This information i s  transferred to L i d  Ill which evaluates the &cay powen in 

the core at the middle of the time step (MLT) using the value of the temperature 

chcnge calculated in step 5 above. The value of rate of decrease of decay ,~wer 

is then evaluated u;ing the decay power evaluated at the end of step 4 and that 

calculated at the midpoint of MLT. 

The program continues to evaluate reactor temperatures and fission product Inventories 

by repeating steps 3 through 6 until the accident simulation is  completed. Then control i s  

transferred to Link I which causes power and temperature histories to be written on the output 

rape. 

Diffuion Results for NRX. The magnitude of the fission product diffusion exper- 

ienced under loss-of-coolant conditions will depend largely upon the temperatures experien- 

ced un&r these conditions and on the length of time the core remains integral subsequent to 

the occurrence of the accident. Once disassembly occurs, fuel material cools rapidly as a 

result of thermal radiation to the environment and diffusion ceases. 

Figure 3-9 shows typical con temperatures predicted for the core midplane of an 

NRX reactor as a function of time after loss-of-coolant for a number of operational periods 

ranging from 63 to 1450 seconds. The shutdown reactivity was 2 percent, corresponding to 

that anticiputed for a complete loss of hydrogen flow with no moveme.~t of the control drums. 

Cis may be seen, an initially mpid increase in core temperatures occurs in al l  cares followed 

by a rapid drop in temperature when sublimation of the graphitic fuel material commences. 
. .. . . -- A 
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In addition i t  may be ohenred that the magnitude of the core temperature increases with in- 

cmasing operating time. These high temperatures serve as a driving force to diffuse fission 

p r o d ~ t r  from the core. 

The length of time during which the core remains integral subsequent to loss-of-cool- 

ant depends on the integrity of the two system supporting the reactor core, i.e. the axial sup- 

port systems and the lateral support system. In the NRX reactor, the former consists of tie rods 

running axially through the reactor core and supported above the core dome end by an alumi- 

num core support plate. The rods are made of Inconel-X and hove a stainless steel sleeve. 

NOFLOW-FIPDIF analyses indicate that these wi l l  melt for a!l operating periods within 20 

to 30 seconds after a loss-of-coolant accident, leaving the core with no axial support. 

remaining core support must be imposed by the lateral support system. In the NRX reactor the 

h e m i  support system consists, in part, of stainless steel leaf springs supported by an aluminum 

bracket which ii attached to the graphite inner reflector by two aluminum retainer screws. 
0 

Since aluminum has the lowest ~ i e l d  temperature (1260 R), when the spring assembly reaches 

this temperaturelit isexpected thci lrrteral support to the ccre wi l l  be lost. For the NRX re- 

actor, NOFLOW-FIPDIF indicates that the entire lateral support system wi l l  be lost within 

155 to 160 seconds after lossof-coolant occurs, independent of operating time. Once this 

happens, the entire core is left without restraining forces and disassembly i s  expected to occur 

upon the application ofany appreciable farce at the core. Even minor centrifugal forces, such as 

those experienced by a vehicle tumbling in orbit, should be sufficient to eject fuel elements 

from the reactor. (For a more detailed discussion of the disassembly mode of a spent reactor, 

see Reference 50 or Chapter 6.0 of this report.) 

In order to report the inventory remaining and that diffused from the fuel, i t  is nec- 

essary to select a particular reference time. This might be, for example, the time at which 

the element i s  ejected from the core, i.e. when diffusion ceases. Perhaps, a more meaningful 

reference time from a flight safety point of view would be that time at which the elements 

impact the Earth's surface subsequent to in-flight failure. To present data in this context it 

i s  necessary to hypothesize a mission and to select failure times along the mission profile. For 

each failure time, a disassembly time would be evaluated, * and the re-entry time of resultant 

* k noted earlier in this section, the NRX disassembly time would occur about 160 seconds 
after loss-of-coolant accident - a value which is  independent of operating time. . .- 

-wrw~~.- .~ .  .- . . 
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debris would be assessed. This rezntry time would determine the extent of  fission pro- 

duct decay subsequent to the time at which diffusion ceases (i.e. at disassembly). - 

For the purpose of this report, fission product diffusion wi l l  be viewed in terms of  

the latter context - i.e. i n  terms of the inventory present at time of  ground impact. For dis- 

cussion purposes, the reference mission selected wil l  involve start-up o f  an NRX powered 

nuclear stage in  a 100 mm-orbit. In this mission the reactor operates 1450 seconds until in- 

iection energy for a 70-hour lunar kansfer is achieved. lhe flight details on th i s  particular 

mission (designated os Mission W e l  I) are sunmarized in  Sect!on 8.2 If a loss-of-coolant 

accident occurs during reactor operation, the reactor wi l l  eventually disassemble and the 

ejected fuel elements wi l l  remain in orbit, until the energy of the orbiting body is  overcome 

by atmospheric drag forces. When h i s  occurs the element wi l l  re-enter the Earth's atmaphere 

and wi l l  constitute a potential radiological safety problem. The later i n  h e  mission that the 

failure occu~ ,  the longer the ejected element wi l l  remain in orbit. Figure 3-10 shorn the 

orbital lifetime of an ejected fuel element as a function of engine operating time. The time 

abscissa i n  this figure i s  shown in  terms of  time after launch; however, i f  it is  kept in  mind 

that for the mission under discussion,the nuclear reactor starts up at 588 seconds after launch, 

then Figure 3-10 can be readily interpreted in terms of engine operating time. It is apparent 

from an examination of this figure that the orbital lifetime of  a fuel element increases rapidly 

with engine operating time. The orbit lifetime of the reactor shell without the fuel elements 

is also shown in Figure 3- 10. 

Table 3-7 shows the inventory at ground impact for a single fuel element for four 

selected times after start-up when loss-of-coolant occurs, i.e., 63,263, 463, and 613 seconds 

after engine start-up. This table shows the inventories in terms of curies/element for ten se- 

lected isotopes and the total inventory per element. Inventories are given for the situation in 

which no diffusion occurs and also for the case in which diffusion does take place for the 160 

second time period after loss-of-coolant, during A i c h  the core is  restrained by some load- 

bearing component, i.e. the lateral support system. As may be seen, diffusion wi l l  reduce the 

total fuel inventory about 30 percent. If additional time were allotted for diffusion, i.e. if 

the lateral support system did not fail so early during the post-accident history, it i s  expected 

that additional reduction in inventory would occur. 
A .  - - - .  * , 

-ULI. r r. - 
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Diffusion for NERVA. The previous discussion was limited to a consideration of 

MW NRX reactor. In-flight application of a nuclear vehicle may be accomplished 

by using the 5000 MW NERVA reactor. To date, no estimates of post-operational diffusion 

have been made for this reactor. However, some ~ost-operational heating histories have been 

obtained and are reported in Section 6.2. While i t  i s  not yet possible to predict the magni- 

tude of fission product diffusion for NERVA under loss-of-coolant conditions, some irferences 

may be made regarding the magnitude of th i s  diffusion in  comparison with that for the NRX 

reactor. 

In the NRX reactor, core integrity was maintained for about 160 seconds after loss- 

of-coolant. At this time the aluminum brackets which are compbnents of the lateral support 

system failed. The core was then left in a non-restrained condition, and ejection of fuel 

elements was predicted. In the case of NERVA the structure of the lateral support system was 

extensively changed. leaf springs attached to the graphite inner reflector are no longer used. 

In NERVA, the lateral support forces are transmitted to the core by segmented graphite seals 

acted on by graphite plungers which are supported by lnconel springs recessed into the beryl- 

lium reflector structure. For a 30-second operating period, it appears that some lateral sup- 

port wi l l  be maintained indefinitely in the event of loss-of-coolant. For a 500-second oper- 
(51 ating period, lateral support wi l l  endure for at least 1500 seconds . With much longer 

periods of reactor integrity predicted, it is  expected that the amount of post-operational fis- 

sion product diffusion occurring for the NERVA reactor wi l l  be greater than that anticipated 

for the NRX reactor. 

3.2.2.2 Nuclear Excursions 

In the event the NERVA (or NRX) reactor undergoes a nuclear excursion, i t  i s  ex- 

pected that large quantities of gaseous fission products wi l l  be released to the environment. 

A nuclear excursion may be of two types - destructive or non-destructive. If the excursion 

i s  non-destructive, tne primary result wi l l  be overheating of the core and simultaneous fission 

product diffusion. In fact, the consequences of a non-destructive excursion wi ll be essenti - 
ally the same as those accompanying a loss-of-coolant accident. For both the NERVA and 

NRX reactors, it appears that the only types of excursions which may occur accidentally are 

(5 2) those of the non-destructive variety . ,/ 
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However, from a safety countermeasure point of view, i t  may be both feasible and 

desirable to induce a destructive nuclear excursion.* Such an excursion w i l l  serve both to 

fragment the core into a multitude of small particles and to release f is ion products. The 

mechanism of release in  this case w i l l  differ considerably from that existing undei either op- 

erational or lass-of-coolant conditions. Whm fission products are released from the core 

under the latter conditions, the mechanism o f  release involves diffusion of the pertinent e le- 

ments or their ionic derivatives through the graphitic matrix. If the fuel i s  in  a bead form 

surrounded by a pyro-graphite coating, then release w i l l  also involve diffusion of the species 

through this coating. In the wen t  of a destructive nuclear excursion, it i s  expected that the 

primary effect w i l l  involve liquefaction of the uranium carbide fuel within the bead structure, 

rapidly followed by mechanical rupturing o f  the beads and concomitant fragmentation o f  the 

nuclear ~ o r r ' ~ ?  With the uranium carbide in a liquid state, the mechanism of fission pro- 

duct release w i l l  be one o f  evaporation of the fission products from the liquified fuel. The 

results of several experimental programs have demonstrated the magnitude of release accom- 

panying a nuclear excursion. 

TREAT Experiments. The first experiments to assess the magnitude o f  fission product 

release during a NERVA excursion involving beaded fuel were those performed at the TREAT 

reactor at ~c iaho '~~) .  In these tests the percentage release of Xe 133 , 1 13' , and Te 132 

was determined as a function of sample transient energy. The percent release i s  defined as 

fo I lows : 

Percent Release of Nuclide X at t = %,'A1 x 100% 
S 

t = time after transient when nuclide was separate from its sample 
s 

environment 

AR = the activity o f  the nuclide released to sample environment at time t 
s 

A = calculated activity of nuclide X in  the test samp!e at time t assum- 1 
ing no loss 

st 

Iodine release ranged from 0.09 percent at 390 cal/gj (900'~) to 10.5 percent at 

1870 (3200'~); xenon release, from 0.08 percent at 390 ~ a l / ~  to 9.6 percent at 1870 

~ a l / ~  (3200'~); tellurium release, f r  .dB at 390 ~ a l / ~  to 4.8 percent at 1870 

* Excursion mechanisms are discussed in more detail in Section 6.5. - .  - I U U I I  1 t r -  
s --- 

3-44 
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These release data are based on radiochemical analyses performed 2 to 7 days after the tran- 

sient experiment took place. Thus, it was not necessarily these isotopes which were lost dur- 

ing the transient but rather their precunors in the radioactive decay schemes which were 

131 
vaporized. In the case of I , the release fraction memured several days atter the transient 

wi l l  depend upon the quantities of Sb 13' , Te 13' , and Te I3lrn released during the tmnr- 
1 33 

ient; for Xe the measured release fraction wil l  be a function of llR3 and   el 33 release 
132 132 

fractions; while Te measured release fraction wil l depend on snl 32 and Sb releases. 

Because of the delay time required in performing the radiochemical atlalyses, i t  i s  virtually 

imposs,ble to use these data to evaluate the fractional release occurring during actual tmns- 

ient condition. Fuel damage in the tests consisted of degmdation of the fuel bead coatings 

along with migration of uranium curbide into the graphite matrix. However, no actual fuel 

fragmentation was observed -- a result believed to be due to the long transient periods 

(40 m sec) used in these tests. Thus, it is not possible to ascertain whether or not the fission 

product release in these series of experiments was the result of an evaporation or a diffusion 

mechanism. 

KIWI-TNT. With the performance of the KIWI-TNT ex~r iment,  i t  was possible to -- 
assess the magnitude of fission product release occurring under actual destructive excvrsion 

20 
conditions. In this full scale nuclear transient test an energy release of 3.1 x 10 fissions 

was obtained in a transient period of 0.65 milliseconds (52t 48 ). Considerable core fragmen- 

tation was observed with the largest degree occurring in the core center where the fission 

density was highest. 

Radiochemical analyses of the KWI-TNT cloud showed that about 66 percent of the 
1 47 

least volatile fission products ~0~~ and Nd were found in tht clvud subsequent to the 

test(54). Larger fractions of most other fission pmducts wen fomd with about 50 percent of 

the core fuel. 

In addition, i t  was found that radioactive isotope deposition occurred on non-fueled 

graphite structural components. However, analyses showed that these isotopes resided primar- 

i l y  on the components surfaces. I t  was conci dded by LASL as a result of this test that i n  a destruc- 

tive excunion "almost a l l  of the fission products would be released as vapor with a portion 

recondensing on cooler fragments';. (48) 
C --. r , 

- \ w ~ m m  .-~-- m- 
.. . - 
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CHAPTER 4.0 

SOURCE TERM DUE TO NEUTRON ACTIVATION 

The previous discussion in Chapter 3.0 was concerned with the inventory cnsociated w 

radioactive fuel material. In addition to this source of radioactivity, there wi l l  exist in the 

reactor, materials which have become radioactive as the result of neutron activation. The 

purpose of this chapter i s  to examine the source term associated with activated non-fueled 

components, to compare the activity of these components with that of NERVA fuel, and to 

review the experimental and analytical work performed to assess -the re-entry ablation 

characteristics of these materials. 

4.1 MATERIALS ACTIVATION OF METALLIC REACTOR COMPONENTS 

Calculation of the source strength resulting from neutron activation of a l l  the 

structural components in the NRX reactors has been documented in the NERVA source term 
(1 12' 

report and in a comprehensive activation analysis repor . The former document has included 

comparisons of the activation product radioactiviiy with the fission product activity including 

comparison of radiobiological tiizords from re-entering fuel and structural materials debris. 

Major results and conclusions from that report are summarized below. Stepher - and 

~lanised*'~rovide extensive data and curves on the gamma activity (MEV/sec- i and gmma 

dose rates From al l  NRX-A2 components as a function of decay time fsllowing reactor opera- 
5 

tion for 1.77 x 10 megawatt seconds. The data i s  applicable to other reactor operating 

times by direct proportionin: of the integrated power. 

The relative contributions of each of the activated structural materials and of the 

fuel to the total beta ar~d gamma activity source strength of the NRX reactors are summarized in 

Table 4-1') Activity of components fabricated from the four metals shown in the table comprises 

essent'glly a l l  of that arising from neutron activation. The contribution from other materials 

was investigated but found to be negligible. For example, although there is  c considerable 

mass of beryllium present, the total gamma and beta energy source origicating from the 

beryllium comprises less than 0. 1 percent of the total activity due to the four materials show 

in the table. 
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TABLE 4-1 

CONTRIBUTION OF STRUCT 1R.N MATERIALS AND FISSION PRODUCTS 
TO TOTAL SOURCE STRENGTH O F  NERVA REACTOR 

Time After 
Shutdown (H r) 

0 
0.5 
1 
2 

10 
24 

1 68 
720 

4320 
8760 

43800 
87600 

Gamma Energy, Percent 

Stainless 
Stee 1 Aluminum 

0.13 0.61 
0.81 0.05 
1.59 0.08 
3.27 0.16 
1.85 0.21 
0.35 0.10 
0.68 0.01 
243 0 

10.83 0.002 
20.44 0.005 
51.66 0.02 
40.14 0.02 

&ta Energy, Percent 

0.16 0.07 
0.75 0.05 
1.17 0.07 
2 24 0.12 
0.91 0.16 
0.31 0.14 
0.64 0.002 
2.38 0.001 
0.71 0 
0.69 0 
0.18 0.001 
0.17 0.001 

Titanium 
Fission 
Products 

99.23 
99.1 1 
98.26 
96:44 
97.79 
99.51 
99.19 
97.05 
8 7.68 
77.94 
47.90 
59.55 

99.72 
99. I 7  
98.72 
97.54 
98 86 
99.53 
99.35 
97.59 
99.23 
99.28 
99.77 
99.77 
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The data of Table 4-1 show that for periods up to one year (8760 hr) after shutdown, 

activity from the fission products accounts for 78 percent or greater of the total gamma energy 

source. For times greater than one year after shutdown, gamma activity due to stainless 

steel becomes significantly greater, but i s  still less than ti;- fission product activity even 

after 10 years decay. I t  can be concluded that the contribution of the activation products to 

the total source term inventory 3 not significant. 

4.1.1 Re-Entry Hazards from Activation Products 

Although the total inventory of activation products i s  small in comparison with the 

total activity due to fission products, i t  is  of interest to define specific radiological safety 

problems that may exist resulting from re-entry of neutron activated structural materials. The 

source term from activation products associated with passive re-entry of an NRX and NERVA 

engine has been describep! The NERVA Source Term Program reporll)desrribes the source 

strength of small particles that could originate from an explosive destruct countermeasure and 

could introduce a possible ingestion hazard. I t  also presents a description of contamination 

of ocean waters by activating products. A brief summary of these findings as reported in those 

documents i s  given below. 

4.1.1.1 Passive Reentry 

Passive re-entry behavior of the NRX and NERVA reactor following a loss- 

of-coolant accident from earth orbit startup and sub-orbit startup of the reactor has 

been described in  Reference 3. Following the loss-of-coolant accident, the reactor 

core disassembles, and under tumbling conditions, the fuel elements, filler strips, 

nozzle, lateral support system, and cluster plates are lost from the reactor vehicle in  

space. The remaining reactor shell is then comprised basically of the pressure vessel, dome, 

core support plate, beryllium reflector, and shield. The source strength of this shell upon 

ultimate re-entry and impact on earth is a function of flight failure time (length of reactor 

operating time) and the subsequent re-entry time (decay time) to earth impact. Calculations 

of the gamma source strength of this shell due to neutron activation have been calculated for 
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failures from both orbit start and sub-orbit start missions, and are shown graphically in 

Figures 4-1 and 4-2, respectiveiy. For comparison purposes, the gamma source strength of 

a single NRX fuel element is  also shown in these figures. For the 100-nautical mile orbit 

start case i t  can be seen from Figure 4-1 that the activation products source strength of 

the entire NRX reactor shell at no time i s  significantly greater than the source strength from 

a single fuel element, and is, in  fact, less than that from a single element for a failure 

occurring during the majority of flight time. For the sub-orbit start case, early failures w i l l  

result in predictable impact locations, with short :e-entry times (15 minutes to 1 hour) of the 

reactor shell. Thus, the activity w i l l  be considerably greater than that due to failure from 

orbit start. It is seen from Figure 4-2 that the gamma source strength of the reactor shell i s  

about eight to twelve times greater than the source sirength of a single fuel element for 

iand impact locations. Expected gamma doses to the general population from the 1626 fuel 

elements impacting in  Africa have been calculated? The addition of the equivalent of 8 to 

12 f.,.-l elements (from the source strength af the activation products) to the total of 1626 

elements would have only a minor effect on the expected population exposures. Passive 

re-entry analyses were also made for the NERVA (5000 Mw ) reactor following failure 

0) from startup in  263 nautical mile earth orbit . Because of the long orbit lifetimes of the 

reactor shell due to the high altitude start, the maximum activation products source strength 

of the reactor shell was about one-tenth of that shown in Figure 4-1. For fgilure times later 

than a b u t  60 seconds after startup, the source strength of a single NERVA fuel element greatly 

exceeds the reactor shell source strength. 

4. 1. 1.2 Small Particle consideration 

An NRX reactor mission was assumed in which the reactor was started sub-orbitally, 

fcllowed by nine minutes ful l power operation and then destructed immediately by a high 

explosive charge. The beta and gamma source strengths for 1000-micron diameter spherical 

parrizle of the structural materials and of c fuel element were calculated at the time of ground 

impact of the particle, and for decoy times up to 10 years thereafter. The 1000-micron partic!e 

was chosen as the maximum dir mete: of an ingestible particle. 
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Figure 4-1. 
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The results of these calculations showing the beta energy decay rate are illustrated 

in  Figure 4-3. The teta energy curve i s  shown because i t  gives the beta particle emissions from 

an ingested px t i c l e  that are of greatest concern. Comparison of the curves in  Figure 4-3 

reveals that the beta source strength of a fuel particle (due to fission products) always exceeds 

the activity of a stainless steel or lnconel particle by a factor of 50 to 100. The gcmma source 
(1 strength curves are similar to those of Figure 4-3, with the exception that after one year decay, 

the fission product activity i s  about equal to that of the stainless steel and Inconel. Since the 

beta dose is  controlling for ingested particles, the conclusion can be made that the dose 

received from an ingested particle of activcttd structural material would be insignificant in 

comparison with the dose received from an equal voiume sized particle of fuel material. This 

conclusion is  based on the reasonable assumption that both particles are insoiuble during the 

residence time within the 'body. 

4.1.1.3 Contamination o focean  Waters 

An evalsation has been made of the extent of contamination of ocean waters by 

(1 radioactive structural materials resulting from destructive action of an NRX sized reactor , 

The model used assumed that explosive destruct action occurred following nine minutes power 

operation from a suborbital start of the reactor. A simplified dispersion model assuming 

isotropic scattering of the debris was used. The activity at the point of maximum ocean surface 

particle density was used, and the particles were qsumed to be dissolved or dispersed in  the 

water only one meter deep. The activity of the water was calculated after 12 hours from time 

of destruct. The 12 hours can be considered to include settling time of the particles and 

residence time in  the ocean. The 12 hour period i s  assumed to be the minimum time possible for 

the radioactive material to enter the human food chain. 

The results of these calculations are summxired in Table 4-2. This table lists the 

concentration in  microcuries per mil l i l i ter for 24 different radionuclides formed by neutron 

activation of NERVA structural materials. These 24 radionuclides comprise greater than 99.9 

percent of the total activity ~r iginat ingfrom stainless steel, Inconel-X, aluminum, and 

titanium after 12 hours decay. The total concentration of each nuclide i s  compared with 

the maximum permissible concentration of radioisotopes in  sea wate i4) and with the maximum 
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TABLE 4-2 

C O N T A M I N A T I O N  O F  O C E A N  WATER BY RE-ENTRY O F  
RADIOACTIVE NRX REACTOR STRUCTURAL MATERIALS 

2219 
Aluminum 

6.0 x lod 

7 8 x 

7.0 r tow6 

Total 

6.3 r lo* 

2 7 .  lod 

2.7 r 

5.9 r 10-!I 

6 6 x 10-l1 

4.1 x 

7 4 x  10% 

3 7 8 10-lo 

3.5 r 

5.7 r 10-lo 

4.2 x 

8.1 

4.5 x 10%. 

1.31 1 0 ' ~  

2.3 r 

2.4 x 10% 

7.0 lod* 

-12 
3.6 1 10 

2.4 x 10-7 

4 . 8 1  lo-!' 

** Exceeded MKC. 



permissible concentration in drinking water@! Blank values in the table indicate there is  no 

data availabie for these radioisotopes in References 4 and 5. 

Additional structural materials of the engine not considered in this analysis (nozzle, 

piping, etc.) would add to ;he inventory. However, these additional materials have a low 

specific activity because of their relatively greater distance from the core arid thus they are 

exposed to neutron fluxes which are at least two orders of magnitude lower than the materials 

i n  the reactor. Consequently, th5se additional materials weald contribute only slight!y to 

the specific activity of the sea water. 

It i s  concluded from the results of Table 4-2 that contamination of ocean \.,aters 

from radioactive aebris of the :,tructural materials of the NERVA engine does not pose o 

significant radiological hazard. Two nuclides, co5* and C U ~ ~ ,  exceed the MPCC for sea 

water. tiowever, these values are not c~nsidered to be hazcrdous. The assurrptions made on 

the distribution of the radioisotopes in  the ocean water are extremely conservative. Most 

certainly, the debris would not remain in water at only one meter depth, but the larger 

particles would settie to the bottom. In addition, these metal particles are insoluble, and i t  

i s  extremely conservative to consider that these materials would be uniformly dispersed or 

dissolved i n  the waters within a 12-hour period. Therefore, the most l ikely concentrations 

of the radioisotopes in the sea water would probably be several orders of magnitude less than 

that shown in Table 4-2. 

Contslmination of ocean waters by fission products from the fuel has been estimated 

by the NUS Corporation, (8) They assumed a nuclear excursion corresponding to 3 x 10 
20 

4 
fissions (1 0 Mw-seconds), with 100 percent rele*;: 2 and solubility of fission products into the 

ocean water. Two init ial sea water volume sources were considered, 10 meter and 100 meter 

diameters and 10 meter depths, with subsequent dilution calculated by o two-dimensionally 

symmetric diffusion equation. Peak concentrations of individual fission product nuclides were 
3 4 

calculated at 10 minutes and 10 minutes after the exc!lrsion. Fission products with coxen- 
3 95 103 125 ,131, k140, k c -  .46 

tration i n  excess of MPCC at 10 minutes wsre Zr ,. Ru , Sn , 
1 44 4 

ce l4 '  and Ce , At one week (10 minutes) a l l  fission products with the exception of Ru 
1 G3 

were below MPCC values. However, any evaiuation of the radiological importance of these 

nuclides in relation to human exposure must include consideration of such factors, as the 



physical state, stable element configuration, and ~ i o i o ~ i ~ a l  half-life of the fission products. 

With consideration of these factors plus the additional decay and diffusion at one week, the 

hazard to man from fission ~roducts via the mr ine  environment cppears to be small. 

4.1.2 Conclusic:;s 

On  the basis of the informution presented in this section, i t  can be tox luded  that 

the source term dv. to neutron activation ~.orlucts i s  small in comparison with that due to the 

fission products from the fuel material. Thus, in  performing radiological safety analyses for 

NERVA reactor systems, the contribution of activation prodiicts to the total rcdioactive source 

strength of re-mtering debris, can be neglected without introducing significant ut zertainties 

in  the analysis. 

4.2 RE-ENTRY ABLATION OF REACTOR COMPONENIS 

I t  appean that the potential radiological safety problems associated with activated 

reactor components wi 1 l be of considerably less consequence than those associated with NERVA 

fuel. However, in  order to c~amine the problems associated with the re-entry of metallic 

components, i t  i s  necessary to assess the degree to which these materials w i l l  ablate during 

the re-entry process. 

4.2.1 Experimental Results 

The ablation behavior of the following materials was axamined in an experimental 

plasma jet facil i ty consisting of aluminum 6061 -Tb, aluminum alloy 2219-T852, titanium A1 10- 

At, stainex steel 304-A, Insonel-X750, and beryllium(6! The samples were tested in the form 

o f  one-half inch hemispheres. The experimental conditions involved stagnation pressures 

ranging from 0 00423 to 0.177 atm. and stagnation enthalpies rar?ging from 800 to 12,5CjO Btu/lb. 

As a result bf this study the following conclusions were made: 

1. l e  ablation of aluminum, aluminum alloy, cnd titanium is  governed entirely 

by ;!.re melting process; i.e., the energy , -quired to ablate i s  simply equal to: 
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where : 

3 = the heat required to oafate a material, cal 
m 

W = h e  weight of  a given sample, g 

C = the heat capacity function, ~a l . '~C-g.  
P 

T. = initial temperature of the material, OC 
I 

T = melting temperature of the material, OC m 

AH = the heat of melt:.Ig, cadig m 

In the case of tltciium and stainless steel the presence of a thick, tewcious 

oxide coat 3n h e  ;ampies i~h ib i ts  ablation. However on pre-oxidized stain- 

less steel ~amples, where cracks and spa1 ling of the cxide l a p .  are evident, 

the ablation process i s  accelerated. 

Rates of oxidatir- of al l  moterials studied in the plasmajet sy+em, acmar, 

i ~ t  least in a qum :tative sense, to be similar to those obtained by investi- 

gators niq static systems. 

Yne ablation of Incc,-el-X and stainless steel at high heatir.9 rates i s  similar 

to tho' of aluminum, aluminum alloy and titanium. 

In add; tion, i t  was observed that: (1) A t  low heating rates, Inconel-X and stainless 

steel underwent o phenomenon which nos termed "incnmp!ete ablation". Ircomplete ablation 

wo, attr ib~ted to a change ' . sample geometry which changed the total h ating rate to the 

sample and a chany in position of the stagna+ion point which diminished the heating rate to 

the sample. (2) The ablution of beryllium required more heat %an H -s predicted theoretically. 

The reasons advanced tor t h i s  phenomenon were thot the heating rate to the sample was lowered 

as a iesult of 3 change i., sample georne?ry du-:ng ablation and/or a chcrnge in  the position of the 

stagnation point (see 1 abOSre), and a phase changc may have occurred in the temperature range 

1240- 1 26c0c. 
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4.2 2 Advanced Ablation Theories 

It oppson .-; o mdt of the above studies (hat a simple melting mOdcl mi@ 

to explain the ablatiol process for a vide variety of metals. however, sufficient awndies 

existed hat i t  seemed desirable to examine ablation from a more exact theontical model. A 
(7) 

model of this type has k n  proposed . 
The model examines the interaction ktween he =osmus hyperronic boundary layer 

and h e  liquid layer of the ablating body. In the model, the condifiom at the outer edge of 

the rpvovs  boundary layer are d termined by he properties of the gas behind h e  shock. 

Similarly, he properties of the %lid detem;ne the mmdory conditionr at the solid-liquid 

interface. The model matc!?es five quantities ot the gcs-liquid inkrface; i.c., tempemture, 

tangentia! velocity, moss hamfcr, heat tmnsier, and shear he%. Numerical rolutiora have 

been obtained for both the gas and liquia boundary layer equations for the high Reynolds 

n u m b r  hypersonic ;arninar flow regiwe. k thorough descriptim of this mothemtical model 

.mi its derivation ore g iven  in Reterence 7. 
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CHAPTER 5.0 

ACCIDENT AND PROBABILITY MODELS FGK NUCLEAR POWERED FLIGHT VEHICLE SYSTEMS 

in the event of an in-flight failure involving a nuc!ear powered engine system, the 

vehicle may fail to complete its mission objectives. One consequence of such an occurrence 

would be the eventual re-entry of radioactive debris to the Earth's biosphere. The time 

required for such re-entry could range from about fifteen minutes i f  failure occurred during 

the wb=iSital portion of the flight to years in case the accident took place during the orbital 

phase of operation. Howevet, the source term of re-entering &br~s wi l l  depend to a large 

extent upon the type of accident which occurs and the post-accident behavlor of the system. 

In order to evaluate source terr: s, a definition of potential accidents and their effect an the 

flight system i s  required. In addition, the definition of accident models i s  required for the 

assessment of the practicality of utilizing post-accident wuntennemures and for the evalua- 

tion of h e  efficacy of such countermeasures in reducing source terms. However, in order to 

view accident data in a realistic light, it i s  also necessary to examine these accidents in terms 

of failure probabilities. 

5.1 ACCIDENT MODEL DEFINITION 

The process used in the selection of an accident model may follow two approaches. 

fn the first approach, a maximum credi).lr accidcnt is selected for analysis. Other acci&nL 

types are identified but are eliminated from analysis in terms of being either incredible or of 

lesser consequence than the maximum credible one. Once this occident model is identified, 

the radiobiologicol consequences associated with the particular accident situation may be 

assessed. If such consequences rose no safety problem,it follows that accidents of  lesser mag- 

nitude ore also safe. 

The second approacb involves a more detailed ekamination of the individual mol- 

function situations which might conceivably lead to entire flight system failure. Once system 

malfunctions are identified, the response of the system to the malr'unction may be evlucted 

by the use of appmpriate analog computer programs. In many cases it may be Found that the 

system itself may serve to compensate for a given malfunction. If it does not, appropriate 

design changes or countermeasures may be included i t 1  the system to prevent the given 
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malfunction from leading to mission abort. In the event that neither design changes nor 

countermeasures may be found to alleviate the consequences of a given malfunction situation, 

i t  becomes necessary te perform a sefety analysis associated with the .nalfunct;on. Port- 

accident behavior must be evaluated, source terms must be assessed, and finally the degree 

o f  interaction of the radioactive debris with the Earth's populace must be determined. 

The primary virtue of this latter approach arises from the fact h a t  the probability 

of  an accident occurring m y  be based on the reliability estimates generated during system 

design and testing. If a malfunction is  found to lead to mission abort, then failure mode 

analyses and reliability data may be used to determine the probability of its occurrence. 

Moreover, the examination of system response subsequent to malfuitction wi l l  aid in the 

development of techniques to prevent system failures. Such detailed ar=i&lrt examination 

wi l l  require participation and zooperation of a l l  major reactor/system/vchicie cont~ actors. 

5 1.1 NRX Accident Model 

In ecently published safety analyses rrpord" 2! a lorrof-coolant accident model 

was chosen as a basis for subsequent safety analyses. The approach used in selecting th i s  

particular accident situation resembled most closely that used in determining a rnaximuv credible 

accident. A nilmber of postulated accident situations were considered and the consequences of 

each situation to the flight system were either postuleted or examined analyi-ically In a l l  cases 

it appeared that the accident sitwtic,ns would lead either to loss-of-coolant or to sane acc'dent 

situation less severe in its consequences. A more detailed failure mode analysis tended to sup- 
0 1  

port the conclusion that most postulated failure modes would lead to th i s  malfunction situation. 

Table 5-1 summarizes the accident types and events considered in these sofety analysis studies. 

5.1.2 Preliminary NERVA Accident .Model 

Since the iss~lance of the aforememticiied reports, considerable work has been per- 

formed in devel9ping the design of a 5000 MW reactor, NERVA The development of  this 

system is, to a large extent, s t i l l  i n  the design stage, and it i s  not possible at present ?a per- 

form the detailed malfunction sidles required for the definition of accident models. hctwever, 

a preliminary examination of the NERVA flow system appears to be merited to determine the 

applicability of a loss-of-cnolant accident model to NFRVA 
" 
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TABLE 5-1 

SUMMARY OF ACCIDENTS 

ThrM M i d  ignment 1. 
2 
3. 

Accident Event 

Neutronic Systems 1. 
Failure 

Other Accidents 

Accident Mode 1 Chosen 

Gimbal Hatdover Reactor Intact Until Re-Entry 

SN Guidance and Control Lors 
Failure of Roll Controi Jets 

Excursions at Starfup 

Control [)nm Runout 
Accidental Hydrogen Insertion 
with Drums Full-In 

Excursion Under Steady Stak 
Operation 

Control Drum Runout 
Accidental Incre~se in Hydrogen 
Density 

Failure of the Turbine Drive 
Nozzle Burn Through at the Hot 
Bleed Port 
Prematurr Closure of the Tank 
Shut-off Valve 
Failure of the Emergency Coolant 
Valve to Open Following a Fault 
Condition 

5. Coolant Line kakage  

Loss-of-Coolant in a l l  Cases 

1. Failure to Startup Eliminated-No Hazard 
2. Spontaneous Structural Failure of  Eliminated-Incredible 

the Reactor 
3. Spontaneous Structural Fai lure of Lou-of-Coolant 

the Ztoge 
4. b s s  of Communications Reactor intact 
5. Undefinei Multiple Simultaneom Eliminated-Ir.credible 

Fai lures 
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Figure 5-1 is a schematic of the NERVA flow system, and i s  similar in a l l  respects 

to the NRX flow system, except in term of the tie tube supply system. The NERVA reacto I" 
wil l  contain counterflow tie tubes, and as a result, wi l l  contain two parailei reactor coolant 

paths upstream of the reflector outlet. The main feed line wi l l  supply coolant flow to the 

nozzle and thence to the reactor as was done in the NRX series. The second ccolant iine 

brunches off the pump discharge line upstream of the rcozzle tube inlet. This ilow, which wi l l  

serve to cool the counterflow tie tubes, passes through a tie tube control valve (TTCV) which 

serves to regulate the coolant flaw rate. The tie rube coolant line enters the pressure vessel 

head and is distributed around the shield to the tie tube supply plenum. Individual support 

tie tubes are then cooled from th i s  plenum. The discharge from the tie tubes enters an effluent 

plenum which i s  open at the periphery to the reflector outer plenum. Here the tie tvbe dis- 

charge flow ioins the nozzle coolant (i.e., main reactor flow). The two flows are mixed here 

and during their flow through the shield p a ,  plena, and supl>ort plate. The total coolant 

then passes through the core and i s  either exhausted through the nozzle or passes through the hot 

turbine bleed to the turbine power control valve, then through the turbine from which i t  is  

then exhausted. 

Since the systzm does resemble that employed in the NRX =actor, the conclusion 

that loss-of-coolant i s  a probable accident situation for ttbe NERVA reactor appears valid. Thus 

the following failures could lead to loo-of-coolant to the reactor: 

1 .  Failure of the turbine power control valve, 

2. Nozzle burn through of the hot bleed port, 

3. Premature closure of the tank shut-off valve, m d  

4. Coolant line breakage. 

However, the inclusion of the tie tube coolant system does impose one additional 

problem. in the event the tie tube control valve closed during operation, coolant to these 

tubes would cease. The tie tubes could conceivably yield or melt thus removing axial support 

from the system at a time when coolant was flowing through the remainder of  the core. The 

consqinnce of such an accident situation in terms of core disassembly would appear to be 

conceivably different from that arising in the event cf complete loss-of-coolant to the total 

core subassembly. To prevent such an eventuglity, the TTCV w ~ l l  be 
-a ..I.--- r - r . r  m.( 

- L I W U U W  m r -  . 
2 

5-4 
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'Figure 5-1. NERVA Engine Schematic 
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line which wi l l  deliver 1C Ib/sec flow ill the event the TTCV closes during operation. Thus, 

the inclusion of a separate support syst.bm does not appear to introduce any flow accident 

situations different from those considered io i  !he NRX reactor. 

5.2 RELIABILITY AND FAILURE PROBABILITY 

It i s  not possible to establish with any accuracy the reliabiiity or probability of 

failure for a flight system that does not yet exist as hardware. However, certain generaliza- 

tions can be made based on experience with similar systems, thus providing a conseivative 

"best estimate" of reliability parameters. Lockheed Missiles and Space Company has made 

estimates o i  the nuclear stage reliability for specific flight missions powered by NRX and 

NERVA engines!') These estimates have been made in the context that nvclear rocket tech- 

nology is continuously evolving, and the estimates are conservative representing reasonable 

examples of what a nuclear stage can be expected to achieve. These bckheed estimates 

have been used as the basis for calculating failure probabilities in the scfety evaluations of 

passive remtr)(2'and safety evaluations of explosive destruct and auxiliary thrust systeA9 bi 

selected flight missions of NERVA. A summary of the bckheed reliability estimates and failure 

orobability models that have been used in the ROVER program i s  presented below. 

5.2.1 Mission Reliability Estimates 

It has been assumed that the reliability of the first two chemical stages i s  1.0; that 

is, only those flights reaching the point of nuclear stage startup are considered. The reliability 

estimates are conservatively assigned on the basis of the early operational period of nuclear 

rocket vehicles. Eariy operational values apply to the first block of vehicles subjected to 

actual flight after the successful completicin of development, Preliminary Flight Rating Test (PFRT), 

and qualification testing. A later operational phase identifies that period of vehicle cvollrtion 

in whicn the reliability growth curve hus attained reasonable stability. 

Nuclear stage teliability depends on the mission, reflecting in part the difficulty 

of the mission profile, such as whether engine shutdown and re-tart are required, guidance and 

attitude requirements, etc. LMSC has made reliability estimates for the three mission models 

analyzcld in the preliminary review of ROVER flight safety. Tt 

summarized in Chapter 8.0 of t h i s  report. Each of the basic fu. 

e three mission models ore 

,tions that must be performed 
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by the nuclear stage in order to attain mission success i s  assigned reliability estimates. 

Reliability estimates are also made for each of the basic functional modes for engine operation. 

(1 ) These estimates are presented in Table 5-2 . 

5.2.2 Failure Probability Functions 

The probability of failure a t  any time during the mission can be c3lculatea by using 

the data of  Table 5-2. Basically, this i s  accomplished by dividing the mission flight profile into 

discrete time incrernenis representative of  the various engine and stage functional modes. Then 

by applying the reliability estimstes for each function, a cumulative reliability for each time 

increment can be calculated for the entire stage. f i e  failure probability i s  then determined 

by subtracting the cumuiative reliabilities for each time increment. The derivation of h e  

failure probability by this technique is described in Reference 5. The probability of failure 

during any of the time increments i s  considered constant, and the instantaneous failure rute 

can then be defined as the probability of failure per second. This failure rate is  a discontinuous 

step function Hiat has a constant value over selected time increments for each mission. 

TABLE 5-2 

MISSION MODEL RELIABILITY ESTIMATES 

MS-N Stccge Function Reliabili? Estimates -- 
Stage Reliability 

MS-N Stage Function MM I ~,ld ill --- MM II 

Separation 1.00 0.980 
Guidance 0.935 0.940 
Attitude Conlrol 0.945 0.953 
Nuclear Engine Operation 0.800 0.800 

Engine-Operation Reliability Estimates for Basic Functions l Modes 

Engine Function 

Sub-Pc\wer Start 0.9500 0.980 
q,- . a  Tiansient 0.9000 0.930 
Operation (full duration) 0.9356 0.9427 
Shutdown 0.960 
Cooldown 0.970 
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A typical failure rate curve (failure probability rate function) for a 72-hour Lunar 

mission utilizing the NERVA engine started in earth orbit at 263 nautical miles, as calculated 

(1) by LMSC, i s  shown in  Figure 5-2. Since many systems come into use at the time of second 

stage separation and stctricp of the NERVA engine, the failure probability rate i s  highest 

during the first few seccnds of operation. The integral of the failure rate probability function 

between any two values of powered flight time gives the probubility that a failure event would 

have occurred within that time interval. Expressed mathematically, the failure probability is: 

where p(t) = the vehicle failure rate probability function 

F (t) = the probability of occurrence of a failure event within the time 
P interval t to t 

1 2  

The failure rate functions have been used in the safety analysis of  nuclear vehicle 
( L 2 )  

flight missions in order to predict the expected population dose exposures .Further discussion 

on the application of the failure rate functions is presented in Chapter 8.0. 
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TIME AFTER LAUNCH-SECONDS 410727-171) 

Figure 5-2. Mission Failure Probability Rate Fcnction - Mission Model I l l  
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CHAPTER 6.0 

COUNTERMEASiJRE SYSTEMS 

In order to provide the maximum safety to an operational nuclear powered flight 

vehicle, suitable safety systems must be incn-oorated into the nuclear propulsion system design. 

Prior to stariup of the nuclear stage, the safety problem: associated with the nuclear system 

are quite similar to those existing f o ~  .ny rocket vehicle, unless the nuclear t ex to r  were to 

undergo a nuclear excursion. To preveqt s u ~ h  a contingency, an anti-critica l i ty  poison system 

has been studied for inclusion in  the NEt?VA flight engine oesign. In the event that flight system 

failure were to occur after reactor startup, the pcssibilityexists that the radioactive roter ia '  

gene:ated during reactor operation w i l l  re-enter the earth's biosphere, thereby, posing a potentk~l 

radiobIologicai safety problem. If such an event does occur, a decision must be made as to 

what subsequent course of action must be pursued. A number o f  alternatives are presently 

under consideration. The simplest o f  these would invol.ze toking no major action and allow::ig 

the reactor to re-enter passively. Alternatively, safety counterreasures may be employed 

\;hereby specific actiqn i s  taken tr, insure safe disposal. Such action may range from appli- 

cation of auxiliary thrust to produce a con t i~ l l ed  impc-c;t location 01. boost to long-life orbit 

to the d~l iberate destruction of the reactor into a nultitude of s m 1 1  fragments, a l l  of  which 

would hopefully pose no radiological safety problems. This section summarizes the analyses 

and experimental wcrk performed to date on proposed safety systems currently under study. 

6.1 ANTI-CRITICALITY POISON WIRE SYSTEM (ACPS) 

Prior to start-up o f  the SN stage the reactor has no fission power inventory; however, 

i f  a nuclear excursion were to occur, a fission product inventory would be gener~ted, a,?d the 

potential of  a radiological hazard would exist. A number o f  possible accidenk which could 

lead to such a reactor transient have been identified, and include: (1) 

1. Core implosion within the liquid detonating region of a C-5 booster fire 

explosion. 

Water accidents involving high velocity water injection i n  thc ;Jrc from water 

imp,ct, or complete water re!leciion from core immersion (no water in  core). 



4. Liquid hydrogen injcctior, rn m e  core throtlgh pump i i~ ! f ,nc?k.  

5. Gmss cor-~iol  drum "runout mclfunc?ion'. 

In order to prevent th i s  type o f  accident an in-flight p i son  wire system was 

d&gned(2). This system w i l l  maintain the reactor rubcritical in the event of a l l  the above 

accident situations, from assembly tc just prior to e n g i ~ e  stcrtup. 

6.1.1 System Description 

6.1.1.i Wires 

l'he wire material and stvcture selected, depend upon the type of accident situa- 

tions and t n v l r z ~ t r t t r  which he engine system may encounter. To be an effectivt counter- 

measure the wire must be cowble of: resistin? the high temperatures associated with launch 

p d  fires, remaining pliable at low temperatiire so that wire removal may be accomplished 

under orbital flight conditions, and k i n g  insoluble in  sea water for Ion; periods of time 

to prevent poison removal i n  the event of a loss of coolant accident. 

Analyses indicated thot boron would be an effective element in  maintaining the 

reactor subcritical under accident conditions. In order to obtain the boron in  a form which 

i s  both insoluble in  sea water and of a high melting point, i t  was decided to nuke the wires 

of boron carbide (B4C). To reduce the weight of poison material required, the B4C should 

be prepared frcm the B'' isctope. If 80 to 90 percent enrichment is  employed, then the 

number o f  wires required tc obtain u given coisoning effectiveness i s  reduced to about one- 

third the number needed with natural boron. 

Since i t  i s  necessary to Ceep the hires flexible at low temperatwes and to prevent 

core and nozzle damage upon removal of the wire, the B C wires must be coated. Figures 6-1 4 
and 6-2(2) show cross-sectiona~ and longitudinal views of the proposed poison wire design. 

This design consists of a B C center surrounded Ly nylon shrinkable tubing, which i s  in  turn 4 
enclosed by a braided fiberglass tube and covered with a Teflon sheath. Flexibility can be 

achieved i f  the wires are broken into 1/8-inch secmerlts and i f  fiberglass braid i s  used in  

a meac of trans.:,;tticg tensile forces through the length of 

i s  not only flexibie and strong, but is  also resistant l o  high 

the poison stick encaszment as 

the wire. This fiberglass brcid 







temperatures. The outer surface of the prototype poison wire i s  a Teflon sheath which i s  

shrunk over the fibergloss braid. The low friction coefficient of Teflon minimizes resistance 

to forces applied during withdrawal of wires from the reacttv. Moreover, th i s  Teflon coating 

serves to prevent the release of pisor. ma'erial through openings in the fiberglass wall. 

Reactivity calculations k.ave been performed to determine the total number and the 

distribution o i  wires required for af~ective Results indicate an eventially uniform 

wire distribution wi th approximately 10 wires per fuel cluster. For convenience in assigning 

wires to fuel clusters, the nominal number of wires required to establish a bundle was set at 

ten. In these bundles of ten wires the terminus ends of individual wires are ioined, and the 

integrated bundle is  attached to the wire withdrawal system. 

6.1.1.2 ACPS System 

Figure 6-3 shorn a preliminary conceptual design for the ACPS system(2) which i s  

Lmsically a mechanical spring actuated system, but uses a pneumatic motor to initiate wire 

extraction. It operates on the principle of relative movement of  an inner and outer cylinder 

and the mass momentum generated by instantaneous release of pre-compressed springs. Figure 

6-3 shows the placement of this system within the nozzle where a protective foam material 

w i l l  prevent nozzle damage. In this system the wire bundles are connected to a retainer plate 

via a terminal link. This plate i s  locked into place by actuator-controlled locks in a guide 

cylinder that is  mounted in the the divergent section of the nozzle. Upon octuation by a 

telerrziry signal, the retainer plate and poison wire are withdrawn from the core by a pneu- 

matic motor connected to the retainer plate via a spring steel wire extraction tape. When the 

piston to which the retainer plate is attached reaches the end of  its travel i n  the guide cylinder, 

it hits a proximity switch which shuts off the pull mechanism and induces a telemetry signal 

which Indicates to a ground station that the wires have been extracted and stored. A ground 

telemetry signal then arms the removal mechanism of the inner locking tube latch. Following 

this, appropriate release mechanisms are activated, and the entire system i s  released from the 

nozzle along with the protective foam materials. The entire operational sequence lasts 10 

seconds and occurs just before SN startup. 
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6.1.2 Neutrmic Considerations 

In order to evaluate the total number of  wires required to maintain the con sub- 

critical i n  the event of an cccidtnt situation, a pcmmetric study wor performed to determine 

the effect of changing B C density, wire diameter, and number of  wires on reactivity under 
4 

a water flooded condition. This ;s considered to be a woot accident case. Tne reactivity of 

a water flooded reactor was dttermined to be 1.59 k A reactor recctivity of  0.95 k 
eff eff y.ZrS 

considered to provide an adequate snu?down margin. The following results were obtained for 

the 1 100 Mw NRX reactor: 

1. Reactivity variation i s  relatively imensitivc to B ~ O C  dersity over the 

range 80 to 90 percent theoretical. 

2. A ten percent chunge in the number of  wires in the range 2000 to 

2200 wires resuits in abotit a 0.04 reactivity change. 

3. A change in wire diometer from 0.137 cm to 0.157 cm results in 

about 0.08 reactivity change. 

4. Two thousand wires, containing 85 percent theoretical density 
10 B4 C of 0.147 cm diameter, uniformly distributed throughout the 

core are adequate to maintain the fully flooded reactor at or btlow 

a reactivity of 0.95. 

Re-assembly experimental (PAX) reactor critical tests were conducted todetermine the 

worth of poison wires. Experimentally determined wire worth at the center of the reactor was 5.3 

to6. Ocents each with adry reactor, and9.2 to 13. '?cents each for a water flooded reactor(water 

simulatedwith polyethylene rods). Calculatedworth for wires in  the some position was4 0 cents 

mch  in a dry reactor and 6.9 to9.3 cents in a flooded reactor. Th.w tests indicate the flooded 

reactor calculations to be somewhat conservative. It appcan that 2000 wins wi l l  be more 

than sufficient to maintain a water flooded reactor subcritical. 

6.2 PASS NE RE-E NTRY 

The term "passive re-entry" refers to a course of action wherein no major counter- 

measure i s  applied subsequent to an in-flight failure of a nuclear stage, The only positive 

measure that wi l l  be r-ken i s  to separate the reactor, pressure vessel, and nozzle from tine 



remainder of the nuclear stage. Under such passive conditions, the fate of this re-entry 

vehicle becomes a function of the operating history before abort, of the subsequent behavior 

of the reactor systern following failure, and of the natural phenomena associated with almos- 

pheric re-entry at !lypersonic velocities. 

6.2.1 Post-Accident Reactor Status 

The discussion of passive re-entry w i l l  be confined to consideration of an accident 

situation involving total loss-of-coolant to the reactor (Section 5.1). To assess the efficacy 

of passive re-entry as a post-failure course of action, i t  is  necessary to examine the effect 

of  th i s  loss-of-coolant accident on reactor integrity. The ultimate source term associated 

with debris wi l l  depend to a large extent upon the ability of the reactor to withstand post- 

operational heating. If the reactor has such capability then the following advantages exist: 

1, An ATS system may be utilized to control impact location of a 

failed reach.  This condition i s  of particular importance in  the 

event of failure during the sub-orbital portion of a flight tra- 

jectory when the spent reactor or reactor debris may impact on 

land. k of an ATS system wi l l  allow for deep ocean fisposal 

of the radioactive debris. However, the use of such a device i s  

predicated on the condition that the reactor can withstand the 

forces associated with thrust application. 

2. Advantage may be taken of the longer orbital lifetime associated 

with an intact reactor as compared with that of an individual 

fuel element. (For the NRX reactor the lifetime of a reactor in 

orbit wi l l  be about 27 times greater than that of a single fuel 

element in  the scme orbit.) This enhanced orbital lifetime allows 

time for additional fission product decay and wi l l  ultimately serve 

to reduce the fission product inventory of re-entering debris. 

3. Fission product diffusion wi l l  take place during the time period 

the reactor suffers high core temperatures, subsequent to loss-of- 

coolant as long as the reactor remains integral. Once disassembly 



occurs fuel elements w i l l  be released to the local environment where 

they wil l  cool rapidly. Diffusion w i l l  then cease. Thus, the longer the 

reactor maintains integrity, the longer w i l l  diffusion take place and 

the smaller w i l l  be the inventory of reactor debris which eventually 

re-enters the biosphere. 

On the basis of the above potential advantages associated with maintaining a reactor 

intact, i t  i s  obvious that an assessment of the response of a reactor to post operational heating 

i s  mandatory. 

6.2 1.1 The NRX Reactor 

The post-operational heating response of an NRX reactor may be evaluated by 
(5) using either the NOFLGW'~) or the NOFLOW-FIPDIF ccrnputer programs. Both codes 

consider two sources for the post operational heating of the reactor: fission power and the 

power resulting from fission product decay. However, in addition, the NOFLGW-FIPGIF 

program takes into account the reduction of fission product inventory in the core as a result 

of isotope diffusion at high core temperatures. 

A schematic of the geometric model of the NRX reactor used in post operational 

ksating analyses is  shown in Figure 6-4. For computing post-operational temperatures, each 

component was considered to be composed of an arbitrury number of axial segments. The 

fol lowing types of heat transfer modes and energy generation and loss terms were considered: 

1. Axial conduction from each segment of each component to 

adjacent segments. 

2. Padial conduction from the core through the pyrographite tiles 

surrounding the core to the graphite filler strip. 

3. Conduction from the core through the p~rographite sleeve 

surrounding each tie rod. 

4. Radiation from the core exit face to each nozzle segmcnt. 

5. Radiation from the core inlet face to the core support plate. 

6.  Radiation from the core support plate to the shield second pass. 

7. Radiation from the graphite filler strips to the graphite reflector. 
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8. Radiation from the graphite reflector to the beryllium reflector. 

9. Radiation from the bsryllium reflector to the pressure vessel. 

10. Radiation losses from the pressure vessel and pressure vessel 

dome to the environment. 

11. Radiation losses from the nozzle backing to the environment. 

12. Nuclear energy deposited i n  each segment o f  each component. 

13. Radiation ?rnnsfer from the pyrographite sleeve to the steel 

sleeve in the t ie rod channel. 

14. Radiation transfer from the steel sleeve to the t ie rod. 

15. Energy conducted from the nozzle flange to the lower pressure 

vessel flange. 

16. Energy losses due to melting of tie rods. 

17. Energy losses due to sublimation of graphite. 

From the point of view of the reactor itself maintaining integrity, the thermal 

response of ihe two core support systems - axial and lateral - are of particular importarce. 

The axial support system consists of 289 lnconel tie tubes attadred to the core support plate. 

These tubes run axially through the core and hold the entire care assembly in  compression 

under the pressure drop experienced during normal operation. The lateral support systzm 

c o ~ i s h  of 324 spring-plunger assemblies attached to the graphite inner reflector of the 

NRX reactor. It has been designed to withstand a 4 g lateral acceleration. The plungers 

which are made of graphite bear on graphite seals along the length o f  the core, Stainless 

steel springs bear on the plungers, and these springs are attached to the outer face o f  the 

inner reflector by aluminum brackets and aluminum retainer screws. Figure 6-5 illustrates 

this spring assembly, Of a l l  the ma,:.erials used in the assembly, aluminum has the lowest 

yield temperature (1260'~). 01ce aluminum reaches this temperature, the load bearing 

capabilities o f  the lcteral support system wi l l  be lost. 

Post-operational heating analyses of the NRX reactor i:ave indicated that both of 

these support systems wi l l  be lost shortly after the ioss-of-coolant accident; the axial support 

system w i l l  fa i l  first. Al l  tie rods in the core melt within 20 to 30 seconds after failure. 
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Because ~f the rapid thermal degradation of these components, no time-ternprc.ure histories 

are shcwn. The lateral support system survives longer. At about 160 seconds after failure 

t h i s  support system reaches the ~ i e l d  temperature of iluminurn - 1260'~ ot the core exit.* 

With the loss of these two load bearing components, the HRX core i s  left in an 

essentially non-restrained condition. The only force left to retard element ejection from the 

core is the frictional force between the faces of adjacent graphite fuel elements. If some 

force, such as the centrifugal force associated with a tumbling vehicle, i s  applied to the 

reactor, i t  i s  quite possible that element ejecticl, wi l l  commence. An analysis was performed 

(6) to evaluate this possibility . It  was found, allowing for frictional forces between elements, 

that ejection of a i i  fuel elements irom the reacior woeid be accomplished within about 4400 

seconds after loss of o l  l core support if the reactor wet* tumbling as slowly as one degree per 

second about i ts three principal axes. Faster tumbling rates would gut the reactar of lki f ~ e l  

elements even more rapidly. Tha, i t  appears that the failure of the slrpport systems of the 

NRX reactor would lead to eventual core disassembly and that the long orbital lifetimes 

associated with a spent intact reactor could not be achieved. Moreover, fission product 

diffusion w i l l  cease once disassembly is  accomplisked. 

T ,he other component which plays an important role in  the passive re-entry approach 

i s  the core support plate. This component, located at the dcme end of the core ij a perforated 

aluminum forging with a diameter of 38.5 inches and varies in thickness from 4.12 inches at the 

edge to 6.0 inches at the center. The tie tubes are attached fo the core support plate. The 

importance of the core support plate arises from the function i t  serves in  the event an Auxiliary 

Thrust System (ATS) i s  util ized (Section 6.3). If an ATS i s  used, i t  could be applied 

in such a direction that a l l  thrust loads w i l l  be borne by the dome end o f  the reactor, and the 

core support plate would become the primary load bearing component. In the event this 

component has overheated to such an extent that i t  can support r?o loads, i t  i s  to be expected 

that fuel elements w i l l  be eiected from the dome erd of the reactor upon ATS application. 

* The core is  coolest at i t s  exit end, thus the last springs to fai l  wi l l  be located here. 

Springs at the core midplane (the hottest section) w i l l  have failed earlier, 



Zigure 6-6 shows typical post-cyemtional temperature responses for the NRX core 

support plate. Since this plate is  relatively thick, a large temperature gradient across it i s  

expectec'. Therefore, the analysis considered the plate to consist o f  b u r  axial sections of 

equal dimensions and calculated the temperature responses of the four sectiox. The tempera- 

ture histories for these regions are shown in  Figure 6-6. 

On the basis of these histories, it i s  apparent that core support plate failure w i l l  
0 

occur, since aluminum can support no load after it reaches a temperature o f  1260 R. For 

purposes of identifying the maximum time that the core support plate could be effective in  

p m ~ i d i n g  support to the core assembly, it has been assured that th i s  l imit i s  reached when 

the section of the  late nearest the core (location 4 i n  Figure 6-6) has actually reached the 
0 

melting temperature ( 1 6 8 0 ~ ~ )  and when locaticn 3 has reached 1260 R. When this occurs, 

the remainder o f  the   late i s  at very high temperatures and can support l i t t le  or no applied 

loads. 

Figure 6-7 shows the temperature of location 3 as a functiorl of time after loss-of- 

coolant, for several operating periods ranging from 63 to 1450 seconds. Examination of this 

figure shows that the support p!ate can serve as an effective structural member for a maximum 

of 550 seconds after 10s- -of-c~olant in the case of a 63-second ~pe ia t ing  period. For a 

1450-second operating period, the plate w i l l  be capable of supporting loads for only about 

1 SO seconds afier loss-of-coolant accident. 

k s ~ d  on the above thermal analyses, i t  appears that an NRX reactor w i l l  

disassemble rapidly after a loss-0;-coolant accident. Moreover, i t  appears that ATS can be 

applied cnly during the time period shortly after the accident occurs. 

6.1.1.2 The NERVAReactor 

The NRX just discussed wi l l  be utilized only under ground test conditions. The actual 

flight reactor i s  designated as NERVA; this reactor, presentlysizedat 5000Mw, i s  basicaliy quite 

similar to the NRX mode; in  overall desigrl concept. However, several of its design features are 

quite iffeient from those of the NRX, and as a result, the post-operational thermal response 

of NERVA may be substantially changed from that for NRX. 
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m The post-operational heating responses were evciluated using POST-OP , 
an advanced version of NOFLOW. The basic reactor model used in the NERVA heating 

analyses i s  shown in Figure 6-8. The heat transfer modes ore, in  general, identical with 

those considered for NRX. However, in the case of NERVA, the lateral support system was 

subjected to a considerably more detailed thermal examination. 

In order to assess the effect of post-operational heating on NERVA integrity, the 

thermal response of the core support sjstems wi l l  be considered first. As i i t  the case of NRX, 

NERVA i s  provided with t.wo core support systems. The axial system consists of counterflow tie 

tubes attached to the core support plcte and extending the length of the core. The t ie tubes 

are cooled by a flow separate from that of i. remainder of the reactor. (This flow system i s  

described in Section 5.1 of this report.) While detailed analyses of the thermal response of 

these t ie tubes have not yet been ~erformed, i t  i s  felt that the NERVA tie tubes w i l l  also 

melt soon after failure. (4) 

The NERVA lateral support system has been considerably changed from that which 

was used in the original NRX design. In the NERVA design, lateral support forces are trans- 

mitted to the core by segmented graphite seals acted on by graphite plungers which are in 

turn supported by lnconel springs recessed into the beryllium reflector structure. Axial motion 

of 'lc seals i s  restricted by graphite spacers inserted into the inner surface of the beryllium 

reflector. Heat transfer from the spacers tc the reflector i s  retarded by a layer of pyrographite 

t i le  or cloth resting between the surfaces. Figure 6-9 illustrates the design of this lateral 

support system. The heat transfer model used in  the heating analyses i s  shown in Figure 6-10. 

In  these analyses i t  was assumed thct the temperature of the lnconel spring was identical with 

that of the beryllium reflector. 

Post-operational heating analyses of the NERVA model indicates that the lateral 

support system of this reactor w i l l  be capable of supporting loads for substantially longer 

times after failure than w i l l  its counterpart in NRX. The effective lifetime of the NERVA 

lateral support system is determined by the lifetime of the beryllium reflector. Based on the 
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Figure 6-9. NERVA II Lateral Support System Hot Periphery Concept - Elevation 
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Figure 6-10. Hcar Tronrfer Model for Lateral Support Region for NERVA Reactor 
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WANL Materials Manual, this component wi l l  have a tensile capability of 1000 psi up to 

1960°R and of 500 pi up to 2250'~. An estimate of the bundling force in  the reflector due 

to the core lateral support system i s  400-500 psi. Thus, a measure of the effective lifetime 

of this system can be defined as the length of time after loss-of-coolant required for the 

beryllium reflector temperature to reach 2250'~. 

Based on these criteria, i t  was found that for a 30-second operating period, the 

lateral support system would survive at least 40 minutes and, perhaps indefinitely after loss- 

of-coolant. For a 500-second operating period, the support system would endure at least 

20 minutes. 

As originally conceived(8) the core support plote region in NERVA would be quite 

similar in location and design to that in NRX. Thermal analyses indicated that the effective 

lifetime of the support plate in the two reactor designs would be essentially identical. For 

the 30-second operating period, the support plate would last about 600 seconds after loss-of- 

coolant. For 500 seconds operation, i t  would last 135 seconds. 

In an attempt to prolong the effective lifetime of this component a thermal 

analysis was conducted on a postulated design in which the positions of shield and core support 

plate were interchanged. I t  was found that this design arrangement can prolong the effective 

lifetime of the core support plate to 435 seconds after loss-of-coolant. 

As a result of these analyses i t  appears that the NERVA reactor, as presently 

conceived, w i l l  maintain integrity for relatively long periods after loss-of-coolant. In fact, 

i f  failures occurs early in the reactor operating period, core integrity may be maintained until 

such time as the reactor encounters the high aerodynamic loading and heating rate- associated 

with re-entry. (This subject w i l l  be discussed in the subsequent section.) As far as ATS i s  

concerned, i t  appears that some design modifications may be required to make the reactor 

capable of withstanding the loads associated with application of this countermeasure. Such 

modifications appear to be within the framework of present design concepts. 

6.2.2 Re-Entry Behavior 

I f  the reactor survives the effect of post-operational heating, i t  w i l l  eventually 

re-enter the Earth' s sensible atmosphere where i t  w i l l  be decelerated and undergo the 
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combined effects of aerodynamic loading and heating. I t  i s  quite possible that as a resu 

of these effects, reactor disassembly wi l l  be occompl ished. 

6.2.2. 1 NRX Re-Entry Vehicle Definition 

To evaluate the effect of re-entry forces on the integrity of the spent reactor its 

re-entry trajectory must be examined. This requires a mechanically and structura!iy well 

defined re-entry vehicle, which is, preferably, aerodynamically stable. Such a vehicle 
(9) was defined for the NERVA engine system. It consisted of the entire reactor assembly, the 

entire pressure vessel (dome and cylinder), and the nozzle assembly including the skirt, but had 

no external piping or fittings that pr~truded (beyond the diameter of the pressure vessel dome 

flange, and there were no other engine systems external to the reactor assembly). 

Figure 6-11 shows a model representation of this re-entry vehic'?. The NRX 

reactor served as a guide in defining this configuration. Testing of this model in a hypersonic 

wind tunnel demonstrated that the pictured re-entry vehicle i s  in fact aerodynarnic~l l~ stable. 

Therefore, this vehicle was selected for the re-mtry analyses which are summarized in the 

following paragraphs. This configuration w i l l  henceforth be referred to as the NRX re-entry 

vehicle or the NRX R/V. In order to obtain such an R/V some separation mod<- must be 

defined, but presently, such definition i s  lacking; however, i t  is  assumed this wi l l  ultimately 

be supplied by the flight system/engine contractors. For the purpose of the following discussion 

i t  is  simply assumed that separation can be accomplished to produce such an R/V. 

6.2.2.2 NRX Re-Entry Analysis 

In order to assess the effect of re-entry loading anti heating on the R/V, it i s  first 

necessary to evaluate the vehicle' s trajectory. Moreover, this trajectory analysis must 

c~nsider not only the translational motion of the vehicle but also its rotational motion about 

its center of gravity. This analysis requires the use of a sixdegree of freedom trajectory 

program, Such programs were ut i l  i red in  the analysis of re-entry behavior of the NRX 

Rp(lO, 1 1) . However, even before such analyses can be performed, i t  i s  necessary to 

define a number of init ial conditions which w i l l  play a large part in influencing the R/V's 
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entire re-entry trajectory (i. e. conditions at time of failure). These wnditions are: a l t i  tiqde, 

velocity, re-entry angle, vehicle roll rate, vehicle yaw rate, and vehicle pitch rate. The 

latter motions, i.e. yaw, pitch, and roll are expected to occur when the R/V i s  separated from 

the remainder of the nuclear stage. 

In the re -e~t ry  anolyses performed as part of the NERVA flight safety effort, two 

sets of init ial failure conditions were examined as a function of different init ial yaw, pitch, 

and roll rates, and are summarized in Table 6-1. 

TABLE 6-1 

INITIAL CONDITIONS EXAMINED IN NRX R/V RE-ENTRY ANALYSIS 

I Case 1 Case 2 I 

I Inertial Velocity 1 23,743 ft/sec 1 25,682 ft/:ec. I 
Geodetic Altitude 

1 Path Angle I a. 226 degrees I -0.066 degrees I 
646,792.8 ft. I 399.083 ft. 

Case 1 corresponds to the type of init ial re-entry conditions which a vet~icle wi l l  

experience in the event of failure during a sub-orbital start traiectory; Case 2, corresponds 

to the type of re-entry conditions experienced in the event of on orbital failure. 

Table 6-2 notes the altitude at which the R/V wi l l  stabilize, i.e. cease rotating 

about its center of gravity, under the init ial conditions described in Table 6-1 and under a 

variety of initial tumbling conditions. 

Table 6-2 indicates that for a vehicle tumbling relatively rapidly, stabilization wi l l  

be achieved below 300,000 feet. Since the NRX reactor wi l l  have lost both lateral and 

axial support shortly after loss-of-coolant (Section 6.2.1. I), i t  i s  to be expected that almost 

complete fuel element ejection wi l l  occur before the R/V i s  stabi 1 izrd@). This observation 

i s  particularly true for orbital failures where a vehicle may spend from days to weeks in  orbit 

prior to re-entering the Earth's atmosphere. In this case even i f  a vehicle i s  tumbling veiy 

slowly, element ejection i s  almost a certainty prior to re-entry. 
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TABLE 6-2 

PREDICTED STABILIZ.ING ALTITUDE AS A FUNCTION OF INITIAL 
RE-ENTRY CONDITIONS AND SEPARATION DYNAMICS 

Rotational Rates 
Stabilization I 

Altitude ( 

For the NRX R/V, early ejection of fuel elements during re-entry can be avoided 

Failure Case Rc ference Pitch Yaw Rol I (feet) 

only i f  vehicular tumbling is  prevented. One means of preventing such tumbling is  to spin 

stabilize the R/V subsequent to failure and separation. In such a case, disassembl y i s  not 

1 

2 

anticipated until the R/V encounters maximum heating and loading. An analyses of the 

25 
50 
25 

1 

25 
25 
25 

1 

10 
10 
11 
11 

10 
10 
11 
11 

re-entry behavior of an R/V so stabilized, has been performed. The init ial altitude, velocity, 

and flight path angle examined in this spin stabilized analysis correspond with those for 

25 
50 

o 
1 

25 

Case 1 in Table 6-1. The init ial pitch rate was assumed to be 0 degrees per second, the yaw 

rate to be -5 degrees per second, and the roll rate to be 360 degrees per second. The 

25 
50 

o 
1 

25 

probable d~sassembly sequence i s  described in Reference 11 and i s  quoted below: 

270,003 
270,000 
260,000 1 
345,000 

280,000 

"At 106,000 feet, the forward ftange region on the windwcrd side has 
melted and since the conduction of heat i s  very high in aluminum, and since the 
vehicle i s  spinning, i t  i s  expected that the ma1 ting w i l l  burn the pressure vessel 
through aft of the forward flange and failure wi l l  occur at 106,000 feet. The 
viscous shear farces acting counter to the inertial forces w i l l  separate the pressure 
vessel from the remaining machine. One modif'cation that might alter this event 
i s  a possible asymetric burning on the very aft nozzle station (not examined in 
this study) which would cause a very large oscillation (flat spin) and cause 

2b0,OOQ 
270,000 
320,000 

O I o  
0 0 
1 1 
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maximum heating to shift back on the center of the pressure shell. In any event, 
the shell w i l l  definitely burn through, but the burn througn at the forward flange 
w i l l  cadse an earlier disassembly because of the proximity of the done end 
support rir.9 and core support ring to the hot boundary layer gas following loss of 
the pressure vessel. Both of these rings are 0.1 inch titanium, and once the 
pressl;rc? vessel opens this area to the peak heat flux, these rings w i l l  heat and 
fail thermostruct~raily in a matter of scconds. At almost the moment the burn 
throuah occurs on the flange area, the dome c!osure a t  the front of the vehicle 
vril I melt a d  be collapsed by the air xds  back over the small air gap onto the 
shield assembly. The shield assemLly w i l l  transmii the entire o i r lwd  onto the 
core suwort ring which wi l l  tend to buckle about the same tirfie the support 
plate i s  exposed to the hot gases of ihe boundary layer. These phenomencr, 
together with the tremendous positive shear and bending moments, w i l l  tecr the 
whole front end shield assernbly Imse. The mament the dome end support ring 
and core supporr ring fail, the outer beryllium reflector wi l l  come loose. This 
wi l l  completely expose the core. The burnup and failure should be complete at 
95,000 feet. At  this time in the trajectory, the re-entry vehicle w i l l  have 
passed through the peak heating and deceleration loads and the core elemects 
w i l l  not be subiected to any significant ioads. There wi i  l be some additional 
heating. The core, howevec, has reached very hign temperatures and practically 
a l l  the hardware supporting the core has failed (i. e., t ie rods, lateral support, 
aluminum barrel, etc.) and the whole machine should disperse at 95,900 feet cs 
a cloud of pieces of varying size. " 

I t  appears thot in  a l l  cases disassembly of the NRX R/V wi l l  occur either prior to 

or during re-er;try. The resuit~ng radioactive debris w i l l  consist of fuel elements. A descrip- 

tion of this debris arid its distribution i s  given in  Chapter 7.0, and a summary of the types of 

radiological doses associated with i t  i s  given in Chapter 8.0. 

6.2.2.3 - NESVA Re-Entry 

At present the NERVA re-entry vehicle has not been def~ned, and thus, re-entry 

analysis could not be performed. However, because of the longer endurance of the NEPVA R/V 

late~al  support system, '+ i s  expected thot its disassembly behavior wi l l  differ considerably 

from t i c t  of the NRX R/V. 



6.3 AUXILIARY THRUST SYSTEM (ATS) 

The purpose of an auxiliary thrust system i s  to provide controlled disposal of the 

r a d i w c t i ~ e  nuclear engine by uti l izing some means of auxiliary thrust to perform either a 

retromaneuver to insure deep occan impact, or a thrusting action to boost the system into a 

long-life orbit. In this context, the auxiliary thrust system encompasses a l l  compoqents and 

functions involved i n  the disposal of the aborted nuclear engine or stage. The application of 

an ATS as an acceptable countermeasure i s  bosed on the following two assumptions: (1) The 

radioactive nuclear engine system can be disposed of i n  deep ocean waters with no adverse 

radiological consequences to man (disposcl by retromaneuver), and (2) If sufficient t i -  le i s  

allowed for radioactive decoy, the consequences o f  re-entry of debris of nuclear systems 

would be of the same degree as that for debris of non-nuclear systems (disposal by boosting 

maneuver). 

Conceptual auxiliary thrust systems for NERVA application hcve been investigated 

by the Lockheed Missiles and Space ~ s r n p a n ~ " ~ ) .  Their studies included investigation of the 

feasibility of ATS for safe disposal of failed nuclear stages, investigation of effects of vcrious 

parameters on safety perfcrmance specifications, development of a conceptual ATS design for 

NRX and NERVA sized nuclear stages, and analysis of ATS performance for these proposed 

flight mission models A summary of the results of their studies i s  presented i n  the following 

paragraphs. 

6.3.1 System Requirements for ATS 

To accomplish the goal of safe disposal, the ATS must have, i n  addition to the 

basic means of providing thrust to the stage or engine, the following characteristics and system 

functional requirements: high system reliability, attitude reference sensors anc attitude cor~trol 

system, command and communication equipment, a means for separation of wy load, and a means 

for controlled dumping of nuclear engine ~ropellant. The auxiliary thrust requirements are 

discussed in 5ection 6.3.2; other characteristics ore discussed below. 

6.?.  1.1 System Reliability 

I f  the ATS i s  to be considered a primary safety countermesrsure system, i t  must have 

a high system reliabil i ty comparable to the reliabil i ty required of the other prime counter- 

measures (such as an explosiv~ destruct system). The reliabil i ty requirement i s  directly - - - - - m  A, a. - - - -  
. . -- ~ ~ 
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determined by the level of risk acceptable for nuclear stage operations. As an example of 

rel iabil i ty for a safety system, that specified for the Polaris destruct system i s  99.9 percent 

reliability during flight. At  present i t  appears that this reliability value i s  higher than can 

be presently met by certain of the ATS components. 

To attain the necessary reliabi l ity, careful use of redundant design and perform- 

ance capability i s  required. The ATS system w i l l  contain many companents, failure of any 

one of whicb may cause loss of the systen. Failure evaluation or malfunction analysis w i l l  be 

useful In determining system reliability. The use of redundancy for selected critical components 

con be so arranged as to increase the overall reliability. However, redundancy cannot be used 

for al l  conlponents because of weight penalties introduced or because of the functional nature 

of the equipment. But with careful analysis of a l l  potential failure modes of equipment and 

i f  failure prtterns can be predicted with a h ~ g h  degree of certainty, i t  seems l ikely that the 

reliabil i ty requirements for an ATS system can be ultimately met. 

6.3.1.2 Attitude Reference Sensors and Control Systems 

I t  i s  important that the errors i n  the predicted ocean impact location (for rctro 

application)or the errors in  the ~redic ted orbit lifetime (for boost application) be held to a 

minim-~m for successful use of ATS, To insure accurate disposal, i t  i s  imperctivc that the 

thrust system beoriented correcrly at time of firing 04 kept on course during the firing. Thus, 

some form of attitude reference and control must be provided i n  order to aim the system correctly 

before firing. If the ATS i s  applied to the entire stage, the existing contro: system can be (used 

for this purpose. However, i f  an "engine only" configuration were to be used, i t  would be 

difficult to provide a separate attitude control system due to space limitations and high radia- 

tion environmect. LMSC investlgc!e? a~p i icab i l i t y  . . of spin stabilization to the NERVA (Mw) 

"engine onlyu configuration as an alternate means of controlling impact location. A t  a spin 

rate of 10 radians/seconds due to thrust misalignment, loads due to acceleration at the engine 

pr iphery would be 10.9 g and at the ATS thrust motor center of gravity, 10.6 g. Because of 

these high loadings, and the l ikely increase i n  dispersion of the fuel elements upon ultimate 

breok-up of the re-entering engine, i t  appears that spin stabilization i s  not promising for 

reliable ATS operation. 



- .-.- -- - ,  , 

I w Astronuclear 
,-.- - - . .a*-,-.*. .- O ~ a b o r a t ~ y  

WANL-TME-1506 

Any error in  the velocity of the nuclear stage from that programmed for the con- 

trolled impact point may introduce a significant dispersior?. Velocity errors could arise as a 

result of incomplete propellant dumping, unexpected Ic.ss of engine hardware, failure or off- 

design performance of one of the ATS rocket thrusters, etc. Thus, i t  i s  necessary that velocity 

sensing equipment be included, as well as a method of terminating the thrust when the desired 

velocity increment (retro) has been added. Thrust termination would probably not be used i n  

the event of boost operations since any velocity increment added above that to satisfy minimum 

orbit lifetime requirements would increase the lifetime, thereby adding to the safety of the 

disposal. 

6.3.1.3 Command and Communication Equipment 

The requirement to maintain continuous knowledge of the location and behavior 

of the nuclear stage, and the capability of transmitting commands to the vehicle during a l l  

phases of powered f l ighi  i s  obvious. The selection and planned use of the ATS w i l l  be influenced 

by the characteristics of the Ground Communicaticn and Tracking System (GCTS) available for 

the support o i  nuclear vehicle missions. The GCTS established for the Apollo program with 

appropriate modifications would probably be used for ground support of nuclear rocket flight 

missions. For proposed sub-orbital start missions, i t  appears that for the critics1 time periods 

when thrust failure would result i n  African impact and use of the ATS would be required, 

existing GCTS stations are out of range of the vehicle and mobile ground stations would be 

required for satisfactory communications and actuation of the ATS. 

6.3.1.4 Payload Separation 

Separation of the payload prior to initiation of the ATS i s  desirable. Separation 

reduces the weight to be accelerated b) the ATS and permits separate recovery of a manned 

system and/or experiments. If the payload were not separated, the payload propulsion system 

could possibly be used i n  conjunction with the ATS to provide auxiliary thrust. However, the 

payload propulsion module may be insufficient as the only thruster, and addtional ATS rocket 

motors might be required. These motors must be mounted externally, which results i n  maximum 

heating and drag. Thus for the conceptual AT5 design as proposed by LMSC, the payload was 

assumed to be ceparated prior to AT5 firing. 
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6.3.  1.5 Controlled Dumping i;f Hydrogen Propdlcrnt 

Dumping the nuclear stage hydrogen prapellant p i o r  to firing of the auxiliary 

rocket motors i s  desirable tc reduce the mass of the re-e?rtry vekicle. 16 this propellant were 

dumped in  a controlled manner so that tne eszaping hydrogen gas or liquid could provide 

usable thrust, the size of the ATS reeker motor could be reduced, thereby effectively reducing 

the weight penalty. 

LMSC has examined :he capob;lities of the hydrogen as n mono- 

propeliant both i n  the cold gos a d  liquid form. Venting the cold gas through an optimum 

nozzle yields a specific impulse of 76 seconds for inlet conditions of ~ O O R  and pressure b?tween 

13 a d  42 p io.  For a lightly insulated propellant tank, hydrogen boii-off rate i n  orbit has 

been estimated at about an average of 950 p a d s  per hour. B o d  on this flow rote and an 

I -- 76 seconds, o thrust of 20 pounds could be generated. For an orbit start mission of an 
s P 
NRX sized engine with continuous thrusting until the supply of hydrogen was depleted, a total 

AV of 2000 f e d  per second, 01 more, could be applied to the nuclear stoge. A disadvantage 

of such ccntinuous thrusting i s  that most of the thn~st would be applied at  other than an optimum 

positicrn i n  the orbit, and continuous pitch plane orientation would be required from the attitude 

control system. Pulsing the cold gos at the optimum trajectory point (apogee) would provide 

more efficient use of the A V  to gain maximum orbit lifetime. The use of a cold gas system 

would not be useful for failures from sub-orbit starts, because of the law acceleration rates 

obtainable, and the short orbit lifetime at time of failure. However, even fsr h o s t  operations, 

the cold gas propulsion does not appear to be practicable. Current efforts on propellant tank 

design emphasize a super-insu lated, double-wal led tank with the objective of minimizing hydro- 

gen boil-off. Thus, the thrust actually available from boil-off would, in fact, be appreciably 

less than t h ~ t  mentionLd obow. Consequently, this approach for utilization of the hydrogen 

propellant holds l i t t le merit for a practical ATS system. 

The venting of the liquid hydrogen provides a lower total impulse than the gaseous 

hydrogen. Hol*,ever, the large mass of liquid hydrogen available and the short action time 

make i t  desirable for both orbital a . d  sub-orbital applications. For this application, the pro- 

pellant i s  positioned i n  the forward end of the tank by application of a ullage thrust. A 



24-foot diameter round hole in  the center of the tank dome i s  then opened allowing the liquid 

hydrogen to be expelled followed by p e w s  hydrogen under a decaying pressure gradient. 

LMSC"~' has salculotud the flow rates, thrdst, and specific impulse for both the 

liquid and gaseous phose venting, and computed the AV ottoimble or o function of failure 

time for several hypothetical flight missions for NQX cnd NERVA size reocton. Figwe 6-12 (1 2? 

gives the AV impulse to the nucleor stage from propellant dump for voriws foilure times follow- 

ing orbit startup of an NRX sized engine for a lunor tromftr mission ("Minion Model I", see 

Section 8.2 for a summrv description or this mission.) Figure 6-13(13' s h ,  a similar curve 

for CJ vehicle powered by the NERVA (5000 Mw) engine on a flight mission of direct ascent to 

a 72-hour lunor injection. Total time of venting the hydrogen depcnds on foilure time and wi l l  

be in  the range of 1 to 3 minutes for the case of Figure 6-1 2 and about 2 to 4 minutes for the 

ccne of Figure 6-13. As wi l l  be shown in Section 6.3.3, the AV impulse provided by propellant 

venting for early failure times provides better then one-half of the total AV required for suc- 

cessful ATS operation far the three flight missions described in Section 8.2. 

6.3.2 ATS Canceptuol Design - 
Several ATS system concepts which gti l iztd either liquid-propellant systems or 

solid-propel lont systems were explained. Only :ocket motors which were presently operational 

or those late i n  their development stage were considered. Only 1 OX/LH liquid propellant 2 
propulsion systems were considered because of their higher specific impulse. 

Examination of the Saturn S-VI stage(14' shored thot i t  would provide adequate 

A V  capability for the three flight missions analyzed (Section 8.2). This stage contains 

approximately 21,500 pounds of propellant i n  three tanks and i s  pawered by two RL-1OA3 rocket 

engines. This stage could be used as part of the payload for ce+in nuclear vehicle configu- 

rations, i n  which case its use would not represent a paylood loss. Because of the placement 

of the S-VI stage on top of the NERVA propellant tank, propellant dumping was not considered. 

Because of i t s  restart capability, the S-VI stage could be used for both nuclear stage retro 

deceleration and then following separation from the SN stage, restarting of the S-VI engines 

for payload recovery. 

An alternate liquid-propelled ATS module was examined, based on a scaled down 

version of the S-VI stage. This system would weigh 9020 pounds and bt? positioned so as to 
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Figure 6-12. Delta V Impulse from Propellant Dump, 

Mission Model I 



Figure 6-13. Delta V Impulse From Propellant Dump 
NERVA (5000 Mw) Direct Ascent Lunar Mission 
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dispose of the SN stow only, with no-propellant dumping. Detailed onolysis of this system 

wos not performed, hut the 4V values appeared odequote for successful disposal. 

A survey of ovailoblt solid propallant rocket moton WQ, mode bused on their 

specific impthe, weiqht, burning time, ond size. Amlysis of the AV r q u i r e m n h  indicated 

that a AV of 200 to 250 fpr would be adequate i f  the impulse available from dumping the stogc 

l iquid hydrogen were used to augment the ATS motors. To incrtase reliability, several rocket 

motors would be used SO thot o "one-cnginc-out" capability could be built into the system 

Eleven of these motors appeared to meet the basic ATS rquiremenb. Further onolysis of the 

copobilities of these eleven, led to the selection of the two solid propellant muton s h w n  i n  

the table below: 

The weights include allowances for mounting structure and thrust termination devices. 

The final conceptual design chosen for the ATS uti l ized the above solid rocket 

Propel lont 
Bollistic Other CPlA Weight Avg. Thrust Burn T i m  Voc I Weight 
Nomcncloture Daignotions Unit No. (Ib) (Ib) 

SP (sec) I ! b  Fraction Application 

motors, with thrust augmented by controlled venting of the liquid hydrogen nuclear stage 

propellant. Solid propellant rocket motors were chosen over a liquid propellant system on 

the basis of their high individual reliability, fast thrust rise time, and insensitivity to stage 

orientation and zero-g environment. Although liquid rocket systems can be made equally 

reliable, they require more complex plumbing arld installation, and are not as easily canted 

24 DS 5850 

9.15 DS 5770 

i n  the event of an ATS engine failure. 

The ATS rocket motors are mounted around the inside of the SN-stage instrument 

unit as shown in  Figure 6-14. Each motor i s  swing mounted on a bracket, with the thrust 

28 1 

276 

vector aligned parallel to the vehicle centerline. If any motor fails, the opposing motor 

XM-94 
X258B1 

BE-3A4 

con be canted to direct its thrust through the cg of the accelerated mass. For this reoson, 
- - -- 

J - - - - - ~ - A ¶ A ~ I ~ - R  '- 

0.877 

0.892 

415 

416 

Scmt Fwrth 
Stage 

A!hcno Fourth 
Stoge 

24.0 

9. 15 

523.0 

214.1 

5888 

5770 



Figure 6-14. Arrangement of ATS Solid Propellant 
Motors for MM-1 



on!y even numbeis of motors are used; i f  odd numbers were considered, two motors would have 

to be canted to compensate for one engine out. 

The ATS concept shown i n  Figure 6-14 i s  applicable only for a specific mission: 

a 100 nm orbit start lunar mission uti l izing a NERVA - NRX sized e,lgine ("Mission Model I", 

Section 8.2). The number of rocket motors required and the resulting ~Vimpulse gained by use 

of these mob3n for a1 I three mission models described i n  Section 8.2 are summarized i n  

Table 6-3. 
TABLE 6-3 

A V CAPABILITY OF ATS SOLID PROPELLANT ROCKET MOTORS 

Design condition 
** Alternate configuration for disposal into long-lived orbit only 

AV A 'd AV 
Mission Rocket Motor Number Installed All  Motors One Motor Tw:, Motors 
Model CPlA Unit No. Rquired Weight (Ib) Firing (fps) Out (fps)* Out ( fp )  

6.3.3 ATS Safety Analysis 

6.3.3.1 General Considerations 

1 59 

1 93 

21 5 

75 

I 

I I 

111 

I l l  

The use of an auxiliary thrust system to provide control led disposal of a fai led 

nuclear stage appears feasible uti l izing the LMSC conceptual design for the ATS system. 

416 

416 

41 5 

416** 

Analyses have been made for the three mission models (Seciion 8.2) to calculate, as a func- 

tion of failure time, the ocean impact points for retromaneuver disposal a d  the orbit lifetime 

6 

8 

6 

6 

far a boost maneuver. The accident model chosen for these analyses was a loss-of-coolant 

without reactor disassembly until after completion of ATS application. It i s  then assumed that 

non-violent disassembly (0.0~9 occurs immediately after the ATS function. An intact Fuel 

198 

225 

270 

103 

1146 

1 793 

3588 

1146 

element i s  chosen os the reference size of core fragment upon which the impact locations or 

238 

258 

325 

1 23 

orbit ii htimes are based. 
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For calculcltion of the abil i ty of the ATS to provide satisfactory disposal, a new 

(12) ATS Chain Link was written for the 1 MSC Nuclear Flight Executive Program . The program 

evaluates whether safe disposal can be accomplished by utilization of the basic parameters 

involved i n  ATS application such as AV capability, maximum and minimum coast time before 

application of thrust, maximum probable enon i n  velocity, and flight-path angle due to ATS 

thrust and alignment eriors. 1 he program operates by first calculating the maximum orbit life- 

time of the nuclear stage that can be achieved with the on-board hV capability, with the AV 

applied at the coast orbit apogee. If tkts orbit lifetime (for a single f i ~ e l  element) i s  less than 

a reference lifetime (chosen as 200 years for the LMSC analyses), the program then searches 

for a satisfactory ocean impact disposal location. The impact dispersion, defined by the dis- 

tance between the undershot? and overshoot from the nominal impact location due to the maxi- 

mum probable errors, i s  calwlated and compared with acceptable deep water ocean areas. If 

the disposal area i s  not acceptable, the retro conditions are altered and the problem i s  re-run 

unti l  an acceptable impact area i s  found. I f  no ocecn u~sposal can be achieved, the P c -  

countermeasure would be considered ineffective for ocean disposal at that failure time. For 

those failure times i n  the mission trajectory at which the ATS i s  capable of boosting the stage 

to an orbit where fuel element lifetime exceeds the reference lifetime set i n  the program (200 

years), ocean disposal locations are not determined. The following sequence of operations 

shown on the next page i s  typical. 

The actual time for tank venting and vehicle alignment w i l l  vary with each mission 

model and with the failure time. For the LMiC analyses, a coast time of 60 seconds was 

selected as a nominal value of the elapsed time between failure and initiation of propel!ant 

dump. 
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Failure event 

Function Estimated Time (sec) 

0.0 

Detect and identify failure 6.0 

Select disposc~ mode and transmit coarse align- 
ment data 

Orient stage (transmit fine alignment data during 
this period) 

Separate payload 

Apply ullage thrust 

Vent SN stage propellant (monitor vehicle 
behavior and transmit final velocity require- 
ment just prior to end of vent period) 

Fire ATS rockets 10 

6.3.3.2 Use of ATS for Controlled Oceo;~ impact 

The ATS Chain Link was used to evaluate the capability of the ATS conceptual 

design to provide control led ocean disposal by retromane~~ver for the three selected mission 

mdels of Section 8.2. The resu Its of these analyses are summarized i n  Tables 6-4, 6-5, and 

6-6. For Mission Model Ill, the larger of the two ATS designs (270 fps + propellant dump 

impulse, Table 6-3) wc. used since the smaller design i s  inadequate except for orbital disposal. 

The tabulated results show that each ATS design i s  ccpable of safe ocean disposal 

of the failed stage up to a fai l  time where a fuel element orbit lifetime of 200 years or greater 

can be obtained by boosting the stage at apogee. These analyses assume that sufficient time 

i s  available before reactor disassembly :G permit coasting to apogee or beyond. I t  was shown in  

SecticQ 6.2.1.1 that under loss-of-coolant cont!itions for the NRX reactor, t ie rods melt within 

39 secor~ds and the laieral support system fails within about 160 seconds leading to reactor 
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disassembly shortly thereafter. The lateral support system of the NERVA (5000 Mw) reactor, 

bosed on the present conceptual design, may survive for periods up to 20 minutes or longer 

following a loss-of-coolant accident { Sectic- 6. 1. 1.2). The ability of the NERVA reactor 

system to maintain its integrity clnder the thrust forces of the ATS as a function of time after 

the loss-of-coolant accident has yet i o  be determined. However, for the NRX design, i t  

appears that ATS disposal would be unsa!isfactory for times later than 200 seconds following 

the loss-of-cooiant accident. Thus i t  can be seen that only for a very early failure time in  

the case of an NRX orbit start mission ( MM 11, w i l l  ATS Se satisfactory for ocean d ispa l .  

For the sub-ortit portion of Mission Model II (NRX reactor), the AT5 could be used for ocean 

disposal wi th  delay times limited to stage orientation and payload separation events except 

for those times when approaching orbit injectim (fail times later than 1150 seconds). 

To insure successful use of ATS following a loss-of-coolant accident, integrity of 

the reactor must be maintrined LIP to and during the time of application of the auxiliary thrust- 

ing action. Integrity ccn be impoved by mcdifying ?'he reactordesign, or by providing emer 

gency c o o i i q  The use of such cooling w i l  I cffect AT5 system by the thrust resulting from the 

cooiant flow. Veloci:y increments of the magnitude antir iwted irorn core caoling wi l l  not 

ma:erially affect the ability of the AT5 to sdely dispose of the stage, but w i l l  have definite 

effects on the coast trajectory and mus? be acccwntea for to rrinimize dispersion. Furthermore, 

since :he coolant thrust i s  in  opposition to the uiloge thrust required for propellant dump, a l l  

cmlar.t flow must be siopped prior to prcoellant dump initiatian. 

6.3.3.3 Use of ATS for increosina Orbit Liietime 

For orbital disposal, the ultimate lo cot;^ crt which the debris w i l l  impact is  not 

predictable, and therefore i t  is  essential that nme oi the re-entering fragments have sufficient 

fission product activity to cause a significant level of exposure, The accept~ble activity 

I2vel for on impacting element hos not been quantitatively establ ished. LMsc"~'  has con- 

sidered that an acceptable level would probably be less than 1 curie but greater than 0.01 

curie. 

The orbit lifetime obtained by ATS boost and the required decay tine ; ~ r  the 

activity to drop to t5e reference level of 0.01 to I. 0 curie cre shown in  Figures 6-1 5, 6-16, 

and 6-17 for the threc mission models. The advantage of ccast time (up to the apogee point) 
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before firing the ATS on gaining longer orbit lifetime i s  illustrated in Figure 6-15. Thus, 

applying the ATS boost at the point of failure in Mission Model I, gives about twice the orbit 

lifetime of 3 fuel element had no ATS boost been applied. (It i s  ossumed the intact stage i s  

boosted, followed by disassembly with re-entry of elements of orbit lifetime as shown in the 

figures). However, i f  ATS boost could be delayed until apogee (a delay time of about 2600 

seconds), the orbit lifetime ccdd be increased by a factor of at least 50C, insuring a final 

impact activity of less than 0.01 curie /element for al l  but the earliest failures. Thus, the 

importance of reactor integrity following a loss-of-coolan; accident can be seen i f  ATS is  to 

be useful fcr boosting to long-lived orbit. 

For Mission Model II (Figure 6-16), i t  can be seen that during the sub-orbital 

portion of powered flight (up to 1167 seconds failure time), ATS boost i s  not particularly 

successful; even with AT; boost at apogee, the impact activity w i l l  be greater than 0.1 curie 

per element. However, for the orbital restart portion of powered flight, ATS boost will yield 

results similar to those of Mission Model I. For Mission Model 11 I, ATS boost i s  needed only 

during the first 80 seconds of operation in order to insure that the impact inventory wil l  be 

lea than 0.01 curie per ercrnent. 
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Figure 6-15. Orbit Lifetime and Decoy Time versus Failure Time, 
Mission Model I 
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FAILURE TIME - SECONDS 
Figure 6-17. Orbit Lifetime and Decay Time versus Failure Time, 

Mission Model I l l  



6.4 EXPLOSIVE DESTRUCT 

The use of a reactor destruct system as a safety countermeasure has been 

considered from the inception of the ROVER Flight Safety Program. Of the various destruct 

systems considered, the use of high explosives to disassemble the core has probably received 

the greatest attention. Early in  the ROVER Rogram many experimental studies were conducted 

to determine the feasibility of explosive destruct, to investigate basic information on core 

fragmentation, and to evaluate suitable ordnance hardware. A summary of these experiments 

was included in an earlier NERVA Source Term ~eport( '~)and i s  not presented k re .  However, 

th~s section includes a summary of the recent work directed toward the design of a conceptual 

in-flight explosive destruct system and describes the results of safety analyses based on data 

obtained from recent destruct experiments. 

6.4.1 In-flight Destruct System 

The definition of a conceptual design for an in-flight explosive destruct system 
(16) 

wasperf~rmedb~PicaiinnyArsenal andissummarizedinthissection. 

The following ground rules were formulated in  establishing a conceptual design for 

an in-flight destruct system; they are based on the premise that satisfactcry fragmentation of an 

NRX-sized reactor could be accomplished. 

1. Four, 25-pound HE (high explosive) charges are required. 

2. These charges must be equally spaced throughout the core. 

3. A 105-mm projectile i s  adequate to hold the 25-pound charge. 

4. A muzzle velocity of 1000 fps i s  required. 

5. The four projectiles must be capable of defeating the target at 

an angle of about 36. from the verticd. 

6. The four projectiles must be exploded simultaneously. 

6.4.1.1 OverallSystemQescription 

The explosive destruct system wil l  be located external to the NERVA thrust 

structure system between the propellant tank and the reactor. Four launchers of the closed- 

breech type wi l l  be mounted on the thrust cone at an angle of 36. to the vehicle axis as 



slrown i n  Figure 6-18. The destruct package w i l l  be activated either by ground command or 

b., rl signal from an internal sensing device. O n  receiving the signal, initiators in each of the 

Four launchers w i l l  Ignite the propellant and the chamber pressure w i l l  increase. When the 

chamber pesa.re within the launcher reaches 650 psi, shot-start rods, which hold the 

projectile within the launcher, w i l l  rupture,and at this time the projectile w i l l  begin to move. 

Simultaneously, r e c o i l a b b i n g  material (a metallic honeycomb) located behind each 

louncher tube w i l l  begin to crush and collapse, allowing the tube to recoil. Pressure within 

the chamber w i l l  continue to increase until i t  reaches a maximum of 29,100 psi. The 

pressure wi l l  gradually decrease, and at 15,000 psi the projectile w i l l  leave the muzzle. 

At this time the projectile w i l l  have traveled 53 inches and w i l l  have reached a velocity 

of 1 0  fps. The launcher tube w i l l  have recoiled 27 inches and w i l l  have attained a 

velocity of 253 fp .  As the projectile moves forward, a firing wire unwinds from a bobbin 

located either at the launcher or the projectile base. When the projectile penetrates the 

reactor to a proper depth, an electrical signal w i l l  detonate the four charges simultaneously. 

In addition, a final fuzing system has been Included in the design. This w i l  I function at a 

specified time after projectile firing and w i l l  detonate the projectiles before any projectile 

can paw completely through the reactor core. I t  wi l l  function regardless of the performance 

of the other systems. The total weight of the system has been estimated to be approximately 

1 500 pounds. 

6.4.1.2 Component Description 

Explosive selection. The selection of a particular explosive for the proposed 

destruct system depends to a large extent upon the capability of the explosive to resist the 

radiation effects associated with neutron fluxes. Tests were performed on a variety of 

explosives subsequent to their exposure to neutron flux environments in the GETR or during 

KIWI-TNT. The following tests were performed: explosion temperature, me1 ting point, 

differential thermal analysis, gas volume release, and vacuum stability. As a result of their 

resistance to radiation effects, three explosives were selected as the best main charge 

candidates in the following order: TACOT (tetrani trodi benzotetraazapentalene), TAT B 

(triaminotrinitrobenzene), and DATB (diaminotrinitrobenzene). Based on its radiation 
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resistance and thermal stabi I i ty, TACOT was ultimately selected as the most promising 

explosive for a main charge. N O N A  (nonanitroterphen~l) was chosen as the most promising 

candidate for a booster material i f  one i s  necesscry. 

However, because of cost (TACOT costs $27S/l b compared to $5.50/l b for DATB), 

a l  l preliminary experiments were conducted using DAT B. These preliminary experiments 

consisted of the preparation of appropriately sized explosive pellets by a press loading 

technique. Pellets as large as eighteen inches in diameter and five inches in height were 

successfully produced. In the APG-Ill test, which bill be described later i n  this section, 

DATB was used as a main explosive charge. 

Projectile description. - The candidate projectile i s  a 105 mm - loaded shell 

weighing about 100 pounds and measuring 55 inches In length. its nose i s  similar in design 

to an anti -tank shell. The shell nc-F, Lody, and base are a l l  corlstructed of 4130 steel. 

This particular shell design ul,s used in the APG-Ill tests which are described later. 

The candidate shell was tested to determine its abil i ty to penetrate a simulated 

core support plate. Tests at 1000 fps were unsuccessful since the t ip of the projectile flattened 

on impact with the simulated plote. Motion pictures indicated excessive yaw at impcct. 

Additional testswere performed with a projectile having a modified nose design and a higher 

velocity of 1500 fps; this projectile also failed to penetrate the target material successfully. 

Additional tests are planned in which the proiectilo would be constructed of 

MT 1018 steel, and the target would be perforated to resemble the NERVA core support plate. 

Propellant description. The propellant and its igniter must also be capable of 

withstanding the radiation environments to which they w i l l  be subjected. The propellant 

I B  7158 (DATB/Polystyrene) was found ta be the best in the radiation environment and i s  

being considered as the propellant in the laur~ching system. Its composition w i l l  be optimized. 

Both black powder and ALCLO pellets we being considered for igniters. 

Laur,ching system. The proposed launching tube i s  a smooth bore cylinder, 11 1 

inches in length. I t  has a small interior shoulder which serves to hold the orojec'ile in place. 

An end cap closes the rear opening, and a shot-start rod holds the projectile tightly against 

the interior shoulder, The exterior surface of the laucching tube i s  stepped slightly at a ~ o i n t  

near the muzzle to provide a surface which coq bear against the f r o ~ t  support ring which holds 
- .  -- - w  - - ~.. -- 
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the tube from moving forward. The tube i s  held from moving to the rear by a metallic honeycomb. 

The launching tube i s  placed inside the guide tube which i s  a simple cylinder about 

133-1/2 inches iong. I t  has 5-1/4 inch inside diameter and a 135 mil thickness. I t  i s  threaded 

at its muzzle end where i t  nwtes with the front support ring. The middle section of the guide 

tube passes through and i s  welded to the rear support ring. The guide tube i s  attached to the 

thrust structure by means of struts connecied to the front support ring and the rear support ring. 

Trail cable. In order to detonate a l l  four shells simultaneously, i t  has been proposed 

that a trail cable be used to connect each projectile with the firing unit. This cable system 

has not been developed to date. 

6.4.2 Reactor Destruct Tests 

6.4.2.1 LASL Ex riments 
- -7m During 1961 and 1962 l A S L  performed experiments using cylindrical graphite con- 

figurations which approximated the KIWI designs on a one-third to one-tenth scale model. More 

recently, a one-ninth scale test was performed on a ROVER-type fuel assembly. (18)~his test con- 

sisted of 33 ROVER-type fuel elements, 7 inches long, bundled together and placedaround a single 

axial explosive. The assembly was placed in a 4 x 4 x 4 foot open top detonation chamber 

lined with neoprene rubber on three walls and Styrofoam on the fourth wall. The ground 

outside the container was covered with polyethylene sheeting to a distance of four feet from 

the detonation chamber. Following detonation, the debris within the container and on the 

polyethylene sheeting was collected and analyzed. 

Particle size analyses were made using standard sieves, supplemented by micro- 

scopic analyses of the sieve samples. Loss of fuel beads was determined by counting the 

radioactivity of the debris samples with a gamma spectrometer. Selected density measurements 

were made using pycnometric methods. 

Particles greater than 500 microns were primarily irregularly -shaped paral lelepipeds 

broken along the axis of the coolant channels. The mass median particle diameter of the 

fragments based on the sieve analysis was 1 12!jP. The particle sire distribution i s  shown in 
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Figure 6-19. Ten percent by weight of the fuel debris had a diameter of less than 100~; 

40 percent by weight had a diameter greater than 2500~ (0.1 inch), The confinement of the 

detonation chamber may have produced a smaller mass median particle size than a free 

dispersal destruct test. This was suggested by samples recovered from the Styrofoam which 

had a mass median particle diameter of 2700,~ and did not include many of the fines that 

were present in the main samples. 

6.4.2.2 Aberdeen Proving G r o u ~ d  Experiments 

Two full-scale destruct tests of an NRX-size reactor core have beer1 conducted by 

(19) Aberdeen Proving Ground. The first test, APG- I I, used i n  the core mockup a single 33' 

quadrr~nt of depleted NERVA 8-4 type fuel, with the remainder of the core constr~~~cted 

with solid graphite rods. The core was destructed with four 105 mm explosive projectiles, 

three o i  which were statically placed within the non-fueled quadronts; the fourth projectile 

was launched from a gun into the center of the depleted fuel elements. N o  differentiation 

of size distribution of the debris below 1/32 i w h  was madc, which in that test constituted 

some 50 percent of the core material. 

The best simulation of a reactor destruct ihus far is  from the June 1965 test at 

Aberdeen Proving Ground, designated as APG-II I. ( I6 '  *" The test war conducted by APG 

with assistance from the U. S. Naval Radiological Defense ~ a b o r a t a r ~ ' ~ ~ )  and the Sandia 

A NERVA-NRX engine, less the divergent section of the nozzle, was 

careful ly mocked up. The reactor core was simulc:ted with beaded fuel containing depleted 

uranium. The destruct was produced by detonation of four in-place proiectiles. One 

quadrant of the reactor debris produced was collected, sieved, and weighed, and the gross 
t 

particle size distribution obtained. I he larger fragments of the pressure vessel, reflector, 

dummy control rods, and othcr engine components were ulso collected. Particle velocities 

were measured at severol angles about the engine mockup, and extensive high-speed 

photographic coverage of the event was provided. 

The results of this test produced data which are considered the best available to 

date in describing the characteristics of explosive destruct, and have been used in the 

analyses of destruct consequences. Therefore, the major results of the APG-Ill test are 



PARTICLE DIAMETER - p 

Figure 6-19. Percentage of Particles f r w  Destruct Tests Larger Than a Given Diameter 



The core material was fragmer~ted into an exceedingly large number of fragments 

( - 2 x lo1?, vary in9 in size from 0.0034 mm (3.4 microns) to 26.9 rnm and i l  weight from 

1.02 x 10'~'' grams ta 16.0 grams. O f  the total oumber of fragments, 99.974 percent were 

less than 0.105 mm in size clac.-.*, t u t  this small debris comprised only 6.53 percent of the 

core mass. Thus, a relatively small number of fragments comprise most of the core r.iass and, 

hence, most of its radimrtivity. In addition, analyses of the small material (< 0.105 mrr in 

size r las:) indicated that these debris contained only 2.14 percent of the total core uranium. 

The particle size distribution i s  shown in Figure 6-19. The results of the LASL one-ninth 

scale test are also shown for ccmporison. The weight and number distributions cre illustrated 

i n  Figure 6-20, which shows the accumulative weight of fragments versus size class, and in  

Figure 6-21 which depicts the accumulative number of fragments versus size class. I t  was 

(ound the presented area of the fragments could be defined by the relationship: 
2,/3 

A = 1.08 W 
? L 

w!~e~.; A i s  expressed in mm cnd L'r, i s  expressed in grams. 

The imparted fragmer~: initial velocities were found to range from 0 to 2200 fps 

with no appcrent reiationship between v e l c c i t ~  and size. Init ial velocity was calculated by 

CIPG using standardized methods iricorpcrating the effects of atmospheric drcg. The fragment 

velocity distribution i s  showr, in  Figure 6-22 i n  terms of accumulative percentage of 

velocities as ;I function of fragment velocity. Measurement of the spatial distribution of the 

debris showed that most r f  the destruct debris was ejected out the sides of the reactor and was 

coficentrcrted in four co-planar "jets" at right cngles to each other and at right angles to the 

reactor longitudinal axis. The iets were !ocated radially midway between the four explosive 

charges. The weight distribution of the graphitic material i n  these jets i s  shown in 

Figure 6-23. A fifth jc: extended straight up along the reactor axis where the nozzle was 

blown off. The amount -: mcterial in this f i f th jet was small in comparison to that in the 

four main radial jet,. Analysis of the size distribution by APG personnel indicated that the 

* Sizc class .gas evaluated by screening the debris through standard Tyler sieves. Size refers 
to the size of the small square openings in the sieve through which the particle could pass. 
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Figure 6-22. Accumulative Percent of Fragment Velocities versus Fragment Velocity 
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Figure 6-23. Percent of Graphite Weight versus Angular Interval 



fragment mass and velocity were independent of angular distribution. However analysis of 

debris samples collected by the U. S. Naval Radiological Defense Laboratory, as reported in 

Reference 23, indicates that the size distribution of the material in the jets differs from that 

outside the jets. The mass median diameter of the material collected by USNRDL i s  shown 

in Figure 6-24. As can be seen, the size distribution varies depending on the sample 

location in relation to the jet location and distance. However for the destruct analyses 

made by LMSC and WANL (cf, Section 6.4.3) i t  was assumed the size distribution was 

independent of angular location. 

At this point i t  should be noted that the flight configuration of a high explosive 

destruct system wi l l  not emplont the four charges parallel to the reactor axis. These charges 

must be placed at an angle to the axis because the design of the propellant tank and upper 

engine support structure ~reclude placing the projectile launchers directly above the engine. 

The effect of non-parallel charge emplacement cannot be predicted. Thus, i t  i s  not certain 

whether or not a similar jetting action wil l  occur in a flight-configured destruct system. 

One cannot be certain that the fragment size distribution associated with this effect wi l l  

remain unchanged. 

6.4.3 Destruct Analvses 

The analysis of an in-flight destruct countermeasure can be accomplished in three 

separate ~hases: (1) definition of the fragmentation and initial conditions of the debris 

resulting from rhe destruct action, (2) determination of the re-entry times, impact locations, 

and atmospheric interactions of the debris, and (3) evaluation of the ;nteraction of the 

radioactive particles with the population in order to define probability of radiation 

exposure and population doses. The analytical models and analysis methods used by LMSC 

and WANL for the first two phases are described below. The expected population exposures 

rez:!?I.rg from the destruct countermeasure are presented in Chapter 8.0. 

6.4.3.1 LMSC Analyses 

LMSC analyzed the effectiveness of the destruct countermeasure('2)for the three 

hypothetical flight missions defined in Section 8.2. Their analytical approach was to 
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calculate for each mission as a function of failure time the following parameters for a suitable 

sample of destruct particles: the re-entry times and i f  possible, impact locations, fission 

product inventory of each particle at ground impact (correcting for losses by re-entry burnup 

andablation) external gamma dose delivered by each particle at a fixed distance and dose 

exposure time period, the probability of exposure of the population to the particles, and the 

expected radiation dose to the population. 

Destruct model. The particle size distribution of the destruct fragments as 

determined by the APG-Ill test was classified into twelve particle size groups for convenience 

in the analysis. The size range, the "average" particle diameter (log mean diameter), the 

weight fraction in each class, the particle density, and the weight fraction of each particle 

surviving re-entry (due to losses by burnup, Figure 3-8) are presented in Table 6-7. The 

APG-Ill particle velocity distribution data were divided into either five or ten velocity 

increment ranges. The increments are so spaced that each increment wi l l  have an equal 

probability that the velocity imparted to the particles by the destruct action wi l l  l ie within 

that increment. The destruct model considered the distribution of a l l  particle mass into the 

four jets, each jet comprising a solid cone angle of 20". The model considers the vehicle 

(NERVA engine) axis is  along the flight velocity vector s t  t i ~ e  of destruct such that the 

debris jets wi l l  be eiected perpendicular to the flight velocity vector. Only this one attitude 

position i s  considered and it i s  assumed the vehicle has not rolled or tumbled following 

failure and prior to destruct action. An alternate destruct model, which assumed a spherical 

mass distribution of fragments leaving the explcsion center, was also used. This model was 

used for evaluating beta dose exposure potential since the particle deposition density on the 

ground could be derived with it. Evaluation of the maximum radioactivity that could be 

expected for the very small debris particles indicated that particles of size class 10, 11, and 

12 (particles smaller thctn 31 microns log mean diameter) would have insufficient activity 

(due to smal l size and long terminal fall times for atmospheric re-entry) to introduce any 

biological effects even with multiple contacts. Thus particle classes 10, 11, and 12 were not 

considered in the LMSC analyses. 

Calculations of the re-entry times, impact locations, fission product inventories, 

a id  population expanlres were made using modified chain links and subroutines from the 
-, - - - - -. . . , .A 
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LMSC Nuclear Flight Executive Program. Because of the large number of re-entry analyses 

required for destruct analyses, the re-entry trajectory portions of the program were optimized 

to reduce computer running time. For the four-lobed (jet) destruct model, an array of 36 

vectors define the initial particle locations in space. Five destruct velocity increments were 

used in the analpis, so that136 x 5) 180 re-entry runs were required for each particle class 

for each failure time analyzed. A special subroutine was developed to compute the number 

of particles per square meter of a given size class and destruct velocity increment impacting 

the ground. This program along with special dose model calculations (Chapter 7.0) were 

used to calculate tissue dose from small beta-emitting particles. 

Debris source strength and impact paiterns. The source strength or impact 

inventory of the destruct debris i s  complicated by the fact that the destruct particles wi l l  

be returning to earth at different times. The decay r ~ t e  of deposited material at any time 

after failure wi l l  depend on how much material has been deposited by that time; particles 

with short re-entry times may have decayed significantly by the time the last destruct 

fragment returns to earth. 

The deposited activity for destruct from a 100 nm orbit start mission of a NERVA- 

NRX powered vehicle (Mission Model 1, Section 8.2) after 143 seconds full power operatian 

(fail time 786 seconds after launch) i s  shown in Figure 6-25. The overall decay of the 

reactor generated fission products i s  shown by the top curve; the other curves indicate the 

partitioning of the total source between orbit, atmosphere, and earth surface. Although 

the particles from destruct do not impact at the same time, the dose models used for calculation 

of population exposures (Chapter 7.0) assumed the interoction of the particles and the 

population begins as soon as the particle reaches the earth. For compatibility with these 

models, the "impact inventory" is  then defined as the sum of the activities of the individual 

particles as each returns to the earth. Thus, the impact inventory for the case shown in 
5 

Figure 6-25 was calculated as 7.09 x 10 curies, even though the maximum activity on the 
5 

ground at any one time is only 1.6 x 10 curies. 

The source strength of the different particle size classes w i l l  vary due to 

variation in particle mass, re-entry times, and extent of burnup suffered during re-entry. 
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Figure 6-25. Activity Deposition From Destruct; Fail Time 786 Sec, MM-I 
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The ground impact inventory resulting from a destruct countermeasure at two failure rimes 

f.om an orbit start mission(MM I) and at one failure time From a sub-orbit start mission (MM II) 

i s  presented in Table 6-5. I t  can be seen that much of the activity i s  carried down by particle 

classes 3, 4, and 5. Class 4 accounts for over 50 percent of the activity during early failure 

times, when the dose delivery p~tent ia l  i s  the greatest. 

The debris impact pattern or "footprint" for class 6 particles for a failure time of 

1092 seconds for a sub-orbit start mission (MM II) i s  shown in Figure 6-26. The impact 

pattern for larger particle sizes shifts downrange and becomes less compact. Impact patterns 

for other sub-orbital failure times are shifted as would be expected. Earlier failures (before 

1092 seconds) give more compact patterns further uprange. The converse i s  ger,zrally true for 

later failures. Impact patterns using the spherically-symmetrical destruct model are somewhat 

different tharl those formed using the lobed model, as would be expected. Two major 

differences were apparent: (1) the spherical model causes more particles to impact at. short 

ranges because there ore velocity vectors directed backward and downward; (2) the spherical 

model predicts a greater fraction of particles injected into orbit due to vectors directed 

forward and upwcrd. In the lobed mixhl, forward and backward vectors are not present for 

the assumed engine attitude at time of desrruct. 

The expected population whole body gamma doses and beta skin doses for the 

destruct countermeasures have been calculated based on particle exposure probability models 

(Chapter 7.0) and land populaticn densities. These doses arc presented in Chapter 8.0. 

6.4.3.2 WANL Analyses 

Westinghouse Astronuclear Laboratory has performed a study to determice the 

effect of gross changes in reactor attitude, failure time, and destruct initiation time on the 

amount of radioactive debris deposited on the African continent resulting from a sub-orbital 

destruct of a NERVA (5000 Mw)  mglne '24' 25). N o  attempt was made to calculate popula- 

tion radiatron doses resulting from the re-entering debris. Instead, the analysis was confined 

to establish the range of values of the destruct variables that would result ii. l i t t le or no 

ccntamination of Africa. 
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Figure 6-26. Class 6 Impact Pattern for ,deed Destruct Mcdel - 
Sub-orbit Destruct of NRX Engine 
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Destruct model. The APG-II I partir!e size distribution was classified into eight 

size groups, ranging between i3.5 mm to 0.105 mm. The upper and lowsr boundaries of each 

size group were chosen so that for each size class, the bol!istic yrameter did not differ by 

more than a factor of two. Particles smaller than 0. 105 mm were naf consic!trec!, since those 

smaller particles comprise only 6.5 percent of the total ccie mass, and contained only 2.1 

percent of the total core uranium. The APG-II I velocity distribution data were divided into 

bix delocity increment ranges, varying from 0 to 900 fps. Hi$-,er velocities were not 

considered, since only 2 percent of the velociries originating frcm destrl~ct were 

measured in the APG-I II test to be greater than 900 fps. 

The destruct model used considers the four jets ejected from the reactor to be co- 

planar and at igh! angles to the Iongitudinol axis of the reactor. This model differs from the 

LMSC destruct model in which the jets or lobes are considered to extend outward from the 

center ot the reactor subtendins o solid cone angie of 20'. Consultation with APG 
(26) 

p.ersonnel has confirmed that the concept of the debris bein? in a "destruct plane" which 

i s  perpendicular to the longitudinal axis closely approximates :iie actual geometry of t5e 

destn~ct action. 

The crialysis was pred~cated on the consideration that the vehicle may have 

assumed any combingtion of pitch, yaw, and rcl l  when destruct occurs. Since the destruct 

debris i s  not formed in a spherically isotropic pattern, the attitude of ihe ieactor at moment 

of destruct wi l l  affect the ground distribution ~f the debris. To define the orientation of the 

dest-uct plane i t  is necessary to define the pitch and yaw of the reactor's longitudinal axis. 

Initially, 13 different attitudes were selected for a screening analysis. Each of these avitudes 

was defined by selecting different combinatians of pitch and yaw, in which the ~ i l c 5  and yaw 

angles were varied by 45' in;remen+j. In later ona~yser(~'), pitch and yaw were varied 

by smaller increment; to determine the sensitivity of debris impact location to sliaht changes 

in attitude. A third attitude variable examined was vehicle roil. since the distribution of 

debris in  the destruct plane i s  non-isctiopic. Three roll position;, 0°, 22.5', and 45', 

were examined for 2ach of the 13 attitudes. Beccuse of the syrr.metry of t'le 
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destruct pattern, larger roll angles using 22.5' angular increments would yield destruct 

patterns identical with those for the three roll positions examined. 

The analysis model considered that explosive destruct action would be utilized only 

during those short time intervals of the t o t ~ l  sub-orbit flight time during which failure would 

lead to land impact of the intact re-entry vehicle. Two failure times, 996 and 1006 seconds 

after launch, were selected. The time interval between these fail times bracket African 

impacts for the intact re-entry vehicle; earlier fail times would result in Atlantic ocean 

impact, whereas later fai!ures would result irl deep ocean disposal or impaction i n  an undeter- 

mined location. The effect of delaying destruct until the vehicle had re-eniered to 400,000 

feet altitude was also investigated for two different attitude cases. - 

A modified version of the WEREC ~ r o ~ r a m ( * ~ )  was used to predict the reentry time 

and impact location of fractions of the core representing a definite particie size range, 

destruct velocity range, and destruct angle range. Land areas occupied by the debris represent- 

ing c definite fractim of the core were calculated by a newly developed Computer program 

called DEFT (DEstruct FootprinT). The location, area, and ground density of the debris 

representing al l  fractions of the core wepe summed to define the total contaminated land area 

a d  debris density. 

Debris impact patterns and source strength. In general, the footprint boundary for 

a given particle ;izeuelori ty class traces an elongated ellipse on the earth' s surface, some- 

what similar to rhe footprint obtained by +he LMSC analysis. For many size and velocity 

9roups, the downrange end of the ellipse i s  not closed, a condition indicoting that some 

fractior, of debris has been iniected into orbit from the destruct action. However, the intent 

of tl;is study was not to accurately define footprint boundaries, but to determine the extent of 

land contamination by the debris. 

The fraction of core debris lying on land (Africa) as a function of reactor attitude 

for destruct at the two failure times i s  summarized in Table 6-9. The pitch angle i s  the angle 

between the reactor's longitudinal axis and the velocity vector with upward pitch considered 

positive; counterclockwise motion about the yaw axis is  positive and i s  measured with respect 

to the velocity vector. Table 6-9 shows that while faiiure at 996 s-conds for Attitude 2 results 



in  - no land contaminat;on, failure 10 seconds later at 1006 seconds in  this same attitude 

results in a large fraction of the core impacting on Africa. In fact, this land fruction i s  the 

greatest for any of the attitudes studiec. In general, those attitudes which result in the least 

fraction on land for failcrre at 996 seconds, result in the greatest fractions for 1006 second 

failures (e. g., Attitudes 1, 8, 11, as well as 2). 

The effect of roll position on the amount of debris impacting Africa can be clearly 

seen from this data. Some attitudes introduce greater sensitivity to roll (e. g. ; 4, 4, 10) with 

the core fraction showing variations of as great as 35 percent. Other attitudes (e. g., 3, 8) 

exhibit very l i t t le change at different roll positions. 

Evaluation of the total hazard potential of destruct must consider not only that 

debris which impacts on ocean and land areas, but also that portion which is injected into 

orbit. SIJC~ orbital debris eventually re-enten with impact in random locations between a 

+ 40 degree latitude band. Although the additional time provided by orbital decay reduces - 
the radioactivity of the debris, the eventual possible land depxition of this debris leads to 

further potential radiological exposures. A pictorial representation of the core fractions on 

Africa, in the ocean, and that injected into orbit i s  presented in Figure 6-27. 

This figure reveals that the later failure time (1006 seconds) results in a greater 

fraction of debris in orbit. This i s  to be expected since the vehicle har attained a greater 

velocity, which, when added to the destruct velocity imparted to the debris, results in a 

greater ; roportion of the fragment re xhing orbital velocities. 

The fission product inventory and gomma source strength of the destruct debris 

particles at ground impact time were calculated usiog the WANL Source Term Computer 

~rogrnm(*~). Rather than report the instantaneous activity or the gamma ray emission rate 

of the debris at ground impact, the following integrated fourday gamma energy, S, i s  used: 
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where : 

5 = total four-day integrated gamma energy from particle, MEV 

E = gamma source strength of paiticle at ground impact time, MEV/sec 
Y 

t = time, days 
5 3.456 x 10 = number of seconds in four days 

The value of S is  determined by the Source Term Computer Program in which the 

function E (t), is integrated over 254 nuclides and seven gamma energy groups. The value of 
Y 

S is  required as input to the MOREDO Computer Program (cf. Chapter 7.0) in order to calcu- 

late the dose to a mobile receptor. Although dose to the African population was not calculated 

in this study, the value of 5, the integrated source strength of the particle, i s  a convenimt 

parameter for use in comparing the effectiveness of different destruct attitudes and failure 

times in reducing the amount of debris impacting on land. 

Particles of different size groups wil l  have overlapping areas, thus reinforcing the 

ground activity. No  attempt was made to define in detail the areas of overlap. Thus, the 

exact source strength gradients on the ground were not determined. However, the maximum 

and minimum source strengths that occur within the total area occupied by the debris due to 

the presence or absence of overlap were estimated. 
2 

The ground source strength (y MEV/ft ) for the 996 second failure case i s  shown in 

F ip re  6-28. The shading used in these figures shows the maximum and minimum radioactivity, 

and also the range in the maximum and minimum values due to variation in roll position. The 

minimum source strength represents the general range of land contamination that wou Id result 

regardless of vehicle roll position at time of destruct. It can be seen that roll can affect the 

maximum and minimum contaminations by a factor of two to three. However, variations between 

the maximum and minimum for any given attitude can be as great as a hundred-fold. The 

ground source strength for the 10% fail case i s  similar to that shown in Figure 6-25, with the 

exception that Attitude 2 yields the largest source strength as might be predicted from the 

data of Table 6-9. 
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2 Figure 6-28. Ground Source Strength (y MEV/ft ) 996 Seconds Fail Time 



The number of particles that impact on land for the varying particle size-velocity 

groups was computed to determine the pariicle ground density. For a given area, the greater 

the number of radioactive particles per unit area, the greater the probability of interaction 

2 between the populace and the debris. "Reciprocal" particle density (ft per pr t ic le)  was 
2 

calculated since the normal particle densities (particles/ft ) were always less than unity. 

Thus, reciprocal particle density can be considered as the area occupied by a single particle. 

The final ground particle density, as with ground source strengtk w i l l  depend on the extent 

06 overlap of areas. Overlap boundaries were not determined, but only the maximum, 

minimum, and average densities are reported. 

Reciprocal p r t i c l e  densities are shown in Figure 6-29. This figure shows that the 
4 5 

average area occupied by a single particle i s  between 10 - 10 square feet. Hence, it 

can be assumed that a person wi l l  not interact with more than one particle. The data of this 

table, along wit!i pertinent land areas and populationdata, could beused in the MOREDO 

mobile receptor dose model (Section 7.2.1) for estimating external whole body gamma dose 

to the African population. 

It can be concluded, that with the exception of Attitude 2 at 996 seconds fail 

times, there does not appear to be any one attitude (of the 13 examined) that offers a 

significant improvement in land deposition of debris over another attitude. 

Additional analyses, recently completed by WANL'~~) ,  have shown the amount of 

deviation in  yuw and pitch from Attitude 2 values (pitch = 45', yaw = 0°) that could be toler- 

ated dirring the time span 996-1006 seconds, without land deposition occurring. This study 

has shown that between the time pe;iod 996 to 1000 seconds after launch, a narrow range of 

reactor attitudes exists from which destruct debris w i l l  indeed avoid the African continent. 

The allowable variation in  attitude decreases rapidly with increasing fail time. Thus for 

failure at 996 seconds, the reactor attitude may vary within the approximate limits of 3S0 to 

50° pitch and i So yaw and al l  debris w i l l  miss Africa. (This assumes the maximum AV 

imparted to the debris particles by destruct action does not exceed 900 fps as was pre- 

viously assumed iq  these analyses). Fcr destruct at 1000 seconds after launch, the 

permissable attitude variation i s  narrowed to approximately 40' - 45' pitch, with,no 
I 

t--, - - - . ~~ 

w - -  - ' 
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Figure 6-29. Particle Ground Densit;) Resulting from Fa!lure frcm Different Attitudes 
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variation from 0' yaw allowed. For failure times of 1002 seconds or later, no attitude appears 

capable of avoiding land impact. 

The study revealed there i s  a significant influence of the destruct velocity imparted 

to the debris particles on the degree of attitude control required to insure avoidance of land 

impact. If the explosive destruct action could be modified i n  such a way as to reduce the 

upper limit of destruct velocities (a so-called "soft destruct"), then the attitude envelope 

yielding no land impact would be increased. Decreasing particle size also tends to incregse 

the envelope of successful attitudes, but not nearly so markedly as w i l l  decreasing velocity. 

However, for the 1004 and 10M fai l  times, it appears that a destruct action w i l l  result i n  

some land impact. 

The effects of delaying the destruct action following detection of flight failure 

were investigated. The potential benefits of delaying destruct action include: (1) reduction 

of core fission product inventory by diffusion during the delay time period (assuming no post- 

operational cooling) and (2) diminishing of debris injected into orbit by virtue of the reactor 

being at a lower altitude at time of destruct. The proportions of debris on land and in the 

ocean wi l l  also be changed from that of the immediate destruct case, and the delayed destruct 

action may produce more favorable conditions for reduction of potential radiological exposures 

of persons. 

Delayed destruct following failure at 996 and 1006 seconds was considered to be 

initiated when the vehicle had reached an altitude of 400,000 feet. Delay time to reach 

this altitude was calculated to be 509 and 701 seconds for the 996 and 1006 failure times, 

respectively. I t  was assumed that the reactor remained intact during the delay time between 

flight system failure and init!ation of destruct. I t  was further assumed that the core assembly 

and structural components were not significantly altered during the delay time, in  order that 

the destruct action would ~ i e l d  the same results as an undamaged core. Two attitude positions 

of the engine at the time of delayed destruct, Attitudes 2 and 9, were selected for screening 

analysis. Attitude 2 (pitch = +45O, yaw = 0') was chosen becailse immediate destruct at this 

attitude produced the best (996 seconds fai I time) and the worst (1006 seconds fai I time) results. 

Attitude9 (pitch= -45O, yaw = +45O) was chosen on the basis that the core fraction impacting on 

land for immediate destruct varied the least for both failure times. The reduction 
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in  core fission product octiv ity was estimated assuming post-operational heating under loss-of- 

coolant conditions for the 509 and 701 second delay times. These estimates were based on 

previous NRX analyses uti l izing the FIPDIF-NOFLOW computer program. 

T ! I ~  results showed that for Attitude 2, delayed destruct offers no improvement. 

With the 906 second failure time, a l l  debris i s  stil l ejected into +he Atlantic Ocean. However, 

for the 1006 second failure time, delayed destruct causes an additional 10 to 12 percent 

of the core to impact on Africa. As was expected, the fraction of debris ejected into orbit 

was diminished--in this case to zero. 

With Attitude 9, delayed destruct following failure at 996 seconds after launch 

resulted in significant improvement in reducing the hazard potential. The fraction of debris 

on land was reduced from about 16 percent to 0.2 percent or less, with the fraction : t i  jected 

into orbit reduced by about one-half. However, delayed destruct following failure at 1006 

seconds significantly worsens the hazard potential, with the core debris fraction on land 

increasing by a factor of three from about 17 percent to greater than 50 percent. 
2 

The ground sourcc, ztrength (gamma MEV/ft ) was calculated in the same manner 

as for the immediate destruct cases. Due to loss of fission products by diffusion, the integrated 

fwr-day gamma source strength of the debris i s  about a factor of two lower than the debris 

originating from immedia te destruct. The average ground source strength for the delayed 

destruct cases are shown ir, Figure 6-30. Values for the immediate destruct cases are shown 

for comparison. As can be seen from this figure, forAttitude?(l006seconds), the grbvqd source 

strength i s  less than that for the immediate destruct, even though the core fraction on land is  

greater. This decrease can be cttr i  buted to the fission product diffusion inventory losses. How- 

ever, for Attitude 9 (1006 seconds) this decrease in inventory due to diffusion does no? corn- 

pensate for the substantial increase in the core fraction deposited on land. Note that for Att i- 

tude 9 (996 seconds) the combined effect of less fraction on land and fission p i d u c t  diffusion 

substantially decreases the ground source strength in comparison with immediate destruct. 

Thus for this instance, delayed destruct markedly decreases the hazard potential. 
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Figure 6-30. Ccmparison of Average Ground Source Strength 
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Based on the two attitudes studied, utilization of delayed destruct at failure times 

early in  the 996-1006 second fail time spar may offer a significant reduction in the amount of 

debris reaching land. The converse appears true for late failure time of the 996-1006 time 

span. However, these general conclusions must be made with cuutior~ because of the limited 

malyses performed. In addition, i f  the accident model assumes a loss-of-coolant condition, 

ihe effect of post-operational heating on core integrity during the delay time prior to destruct 

must be evaluated in  the destruct model. 

6.5 NUCLEAR DESTRUCT 

In addition to uti l izing chemical explosives to fragment the NERVA core, i t  may be 

possible to achieve such fragmentation by a self-induced nuclear excursion. In addition to 

yielding small particles, such a safety countermeasure cou Id offer the additional advantage of 

releasing large quankities of fission products to the :.,vironment. However, i n  cider for an 

excursion to be effective i n  fragmenting the core, i t  i s  necessary that energy insertions be 

both large and rapid. The NERVA and NRX reactors, as currently designed, do not appear to 

have the inherent capability of undergoing such excursions as the result of reactor malfunc- 

tions. (29) It appears that malfunctions such as drum run out w i l l  result i n  no more severe con- 

sequences than core over-heating with subsequent thermal degradation of the reactor. Thus, 

to accomplish a self-induced destructive excursion, i t  w i l l  be necessary to devise some tech- 

nique for rapidly inserting requisite reactivity. 

6.5.1 Analytical Evaluations 

At  present there exist three computer programs which examine the response of 

NERVA type reactors to fast reactor transients. These are R A C ' ~ ~ ' ,  NERVEX'~') and 

 NECKLACE'^^). The first two of these programs are similar in  tl:at they consider energy 

deposition within the core material to be unifmnly distributed betwee? the UC and the gra- 
2 

pi:ite matrix. The programs evaluate the thermal, chemical, and mechanical response of the 

reactor core to the energy insertion rates ossociated with the excursion. In pcsticular, ttley 

calmlate pertinent physical parameters contributing to shutdown. NECKLACE on the other 
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hand considers the response of individual fuel beads to the reactor transknt. Experimental 
(33) evidence indicates that i n  the event of a large rapid nuclear transient, these beads w i l l  

rupture, a result which may lead to extensive core fragmentation and an eventual mezhanism 

for reactor break-up. 

6.5.1.1 RAC - 
There exist two versions of tl-be RAC (291 30) bmpr ie r  Program. Orte uses a one- 

dimensicnal reactor model, and i t  performs its calculations i n  slab, cylindrical or spherical 

geometry. The other uses a two-dimensional reactor model, and i t  performs its caicuiation: 

i n  the R-Z coordinate cyl indricql geometry. 

The computer prqgram i s  concerned with the dynamic behavior of a graphite reactor 
3 

under power transient conditions. In the code, the core i s  arbitrarily divided into a numbe- 

of homogeneous segments, to each of which i s  assigned a fission or power density. Then for 

a given reactivity insertion (step or ramp), the program generates, as a function of time, fis- 

sion energy i n  each segment, as well as the increasing fhlel temperatures and graphite vapor 

pressures according to the heat content functions and vapor pressure data built into the pro- 

gram. In addition, each core segment i s  a!lowed to perform thermodynumic work on its 

neighboring segments through the interface of the segments. This work serves to relieve 

internal pressures associated with thermal expansion and/or vapor formation. In the event 

the react;./ity il~sertions are large, this work sets the core into motion. Reactivity i s  decreased 

6.5.1.2 NERVEX 

The NERVEX(~')  Program i s  similar to RAC; however, i t  considers only two dimen- 

sional, cylindrical R-Z geometry. 

6.5.1.3 NECKLACE 

The NECKLACE( 321 33) C o n i ~ r e r  Program examiner the problem ' heat conduction 

out of a UC bead through its surrounding pyrographite coating into the graphite matrix. The 
2 

problem uses spherical coordinates with a l  lowance for an arbitrary number of zones arranged 

as nesting spherical shells, i th the central volume of fuel king L, sphere 



Ir the NECKLACE Program a l l  fission energy i s  init ial ly deposited i n  the VQ: bead. 2 
As the bead begins increasing i n  temperature, heat transfer begins through the ~ ~ r o g r a ~ h i t e  

shell. Once the fuel reaAes its melting point, i t  w i l l  be transfxmed icto o l iquid which w i l l  

expand and also form a uC -C eutectic with the  r roc arb on cooting. (As this eutectic i s  
2 

-armed, provision rniist !E irnlde i n  the thermal conductivity calculations for the diminishing 

tk.:ckness of the pyrographite shell.) Competing with eutectic formation, w i l l  be vaporization 

of the fuel mte. ial  (or the eutectic) during which the bead may expetience very high interno! 

pressures. What h a p ~ n s  next w i i  l depend upon the extent tc which the pyrographite coating 

has bee- d~g;aded by UC C eutectic formation. If cons'Jerable degradation occurs before 
2- 

significant, heat transfer to the graph~te ma~rix wi l !  occur much more 

w i l l  be suppressed. I: i s  do~bt fu l  i f  core fragmentation w i l l  occur. 

Havvever, i f  tila energy pulse has been quite rapid or i f  the pyrcpph i te  coating i s  thick, 

vaporization shald be large. and h a d  rupture accompanied by core fragme-ttation may occur. 

One of the major problems encountered i n  using NECK'ACE to perform excursion 

ca:c.~lations i s  t h t  of assessing the rate of UC -C e 'ectic forfiation. The basic kinetic and 2 
tt- zr 1. j y  namic data needed to define the formation r -  this material are lacking. However, 

i f  this phenomena i s  neglected along witk prographite weakening dge to radiation damage 

and i f  ib .; assdmed that no heat loss*s from the becd occcrrs, it i s  then calcvlated h a t  4 x 
14 

10 fissions per gram UC i s  required to fragment the fbel at room temperature. I f  the fuel 
14 

;F init ial ly at !950°C, 2.5 x 10 fissions per gram \J-235 are required. 

6.5.2 Experimental Datc 

A number of experimental programs have yielded data on the ertergy requirements 

for CO;F fragmentation. These experimerts range i n  magnitclde from small scale fuci tests i n  

ci variety of test reactors to the full scali KIWI-TNT test. The fuel tested in  these experiments 

was NERVA type fuel with 100 micron UC ccres surrounded by a 25 micron pyrographite 
2 

ccating a!: dispersed ir? tb giaphite matrix. Actually, the 'J' beads w i l l  range i n  diameter 
-2 

from 50 to 150 microns. Unless otherwise noted, this type fuel i s  discussed i n  the following 

paragraphs. 



6.5.2.1 TREAT - 
In experiments i n  the TREAT'%) test reactor, small fuel samples experienced a 

total energy of 2.35 x l 0 l 5  fissions per gram U-235. The most rapid transient condition 

was 40 imec. No fragmentation was observed; hawevtr, photomicrographs shawed considerable 

bead damage with the UC being dispersed throughout the graphite matrix. Wt,ile the energy 
2 

of the experiment i s  i;r excess of that predicted by NECKLACE, the long transient probably 

a l lwed  sufficient time for ccmplete degradation of the pyrographite bead before substantial 

vapor pressures developed. 

6.5.2.2 TRlG A 
(33) 

In order to ob!oin a shorter period, somples were tested in  the TRIG A reactor. Here 

a sample received a TRlG A pulse of 9.9-rnsec half width and o total exposure of 2.4 x 10 
14 

fissions per gram U-235. No head degradation was obser~cd. It was concluded that breakup 

required either a still shorter period or a greaier energy deposirion or o combination of both. 

6.5.2.3 SPEK- I Oxide Core 

Fuel samp!m were next tested i n  the SPERT-I facility. Under conditions of 3.83 x 
14 13 fissions per gram U-235 (est.) ~ n d  with a reactor period of 1.5 msec, no fragmentation 

was observed, (33' In fact, i t  war found subsequent to the test that a considerable number of 

intact beads still existed. 

6.5.2.4 SNAPfRAN-3 External Fuel Sample Experiment: 

S P I A P T W N - ~ ~ ~ ~ '  was CJ 'r .nuctive excursio, p-formed 1 April l Y 6 4 .  Three 

NERVA fuel samples were placed about one inch from the outer vessel surface where i t  was 

estimated that the peak thermal neutron fiux would exist. Three other somples were placed 

about 2.25 inches further out, in order to receive about one-half +he peak flux. In this test 

the reactor period was 0.65 naec. The following three types of beads were used in  the fuels 

tested: 

1. A standard tvpe fuel with a normal bead size distribution with core diameter 

rmging from 50 to 153 microns. 
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2. A beaded fuel with UC beads ranging in  diameter from 50 to 100 microns. 2 
3. A begded fuel with UC beads ranging in diameter from 100 to 150 microns. 

2 
Al l  the above beads hod a 25 micron pyrographite coating. 

Post excursion examirwtion of the three different C t d s  i n  their two different loca- 

tions, indicated only one of the fuel samples fragmented. Only the fuel sample containing 

UC beads, 50 to 100 microns in  diameter fragmented, and this occurred only for the parti- 2 
cular sample placed closest to the outer vessel. However, photomicrographs did indicate 

tfiat even for this sample, some beads failed to undergo fragmentation. An energy of approxi- 
15 

motely 10 fissions per gram U-235 war estimated. 

6.5.2.5 KIWI-TNT External Fuel Samples 
- - --- -- 

During the KIWI-TNT whichwil l  be described later, a number of NERVA 

fuel specimens were external to the test reactor. The period of this test was 0.6 rnsec. 

As a result of the placement of the fuel samples, four different energy depositions were ob- 
14 15 

served ranging from 3 x 10 to 7 x 10 fissions per gram U-235. In this test the 

follawing fuel variables were selected for examination: bead core size, bead core compo- 

sition, bead coating thickness, prior exposure to radiation, and fuel ambient temperatures. 

I t  was observed that for the standard NERVA fuel the only sample to fragment was 
15 

that receivrng 5 x 10 fissions per gram U-235. For this case fragmentation was extensive 

and no bead structure remained, a result observed by photomicrographic examination. Less 

damage was observed for lower energy depositions. When samples were heated at 2400 to 
14 

2100°C 3rd subjected to 7.7 x 10 fissions per gram U-235, ;t was observed that UC 2 
melted and the beods were damaged. While no frogmentotion appeared to take place, there 

was considerable m t r i  : damage in the sample heated to 2400°C. With lower energies, i. e. 
14 

3.4 x 10 fissiom per gram U-235, a d  identical temperatures, no matrix damage was 

observed nor did the pyrographite coating appear to be damaged. 

As a result of these studies i t  appeared that for a reactor transient of 0.6 mec 

there exists a definite threshold in  the energy required to fragment the NERVA fuel material 



15 15 
and that this threshold lies somewhere betwedn 1.7 x 10 and 5 x 10 fissions per gram 

U-235. Moreover, i t  appears that this threshold may be diminished in the event the kads 

are heated prior to the excursion. 

The experiments on beads of other geometries indicated that the fuel beads with 

larger than normal cores are damaged more easily than smaller ones, beads with thicker than 

nornul tooting show somewlmt less damoge than standard beads, and samples with a largcr 

t1.m normal bead volume fraction are fragmented more easily. In addition, i t  was observed 

that %el samples which hcve 'been irrcdiated at full power show no increase or decrease in  

fragmentation sensitivity. 

6.5.2.6 SNAPTRAN-2 External Fuel Sample Experiments 

A number of NER\'4 fuel samples were ulaced external to the SNAPTRAN-2 excur- 

(33) sion test. The period of the excursion was 0.2 msec, a time much shorter than any exper- 

ienced previously. However, the energy deposition was also diminished, being only 1.35 x 
14 10 fissions per gram U-235. Analysiz indicated that the norm1 fuel underwent no appreci- 

able damage, and only a trace of uronium migration was observed. However, for a fuel having 

kads 210 to 300 microns in diameter and a 50-micron pyrocarbon coating, some bead rupture 

was observed along with some matrix cracking for a flux position resulting in 8 x 10 
13 

%sions per gram U-235. 

6.5.2.7 The Full Scale KIWI-TNT Test 

A full scale transient nuclear test was conducted on a KlWl reactor on 12 January 

1966. The basic KlWl design was used in  this test reoctor, hwever, tantalum neutron poison 

material normaliy ust 3 for shimming the reactor ?o the desired critical condition was removed 

to provide a greater excess recctivlty. Chaqes in the hydraulic control dmm motion system 

permitted much more rapid reactivity insertion rates. The lateral support system was also 

eliminoted and the core was held together by bands. 

Analysis of test results indicated a period of 0.6 milliseconds and a total fissions 
23 (29) 

yield of 3.1 x 10 . The NERVEX program predicted a fission yield of 5.1 x 10 20 

* 
The KlWl reactor i s  a predecessor of the NRX series of reactors. 
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21 * 
fissions for the RAC predicted a value of 10 fissions. In addition, data 

on overpressures indicated a kinetic energy release (i. e. the amount of heat energy trans- 

fornled to mechanical enersy) of 150 Mw sec. These data werr then used to normalize the 

W C  code to make i t  more applicable for excursion predictions. 

Subsequent to the test, radiochemical analyses were performeJ on fuel debris. I t  

was found thot the energy deposition in the test ranged from 4.5 x 1014 to 4.5 x 10 
15 

fissions per gram U-235. This range in  yields was due to fission peaking occurring in  the 

center of the reoctor and along the reflector. The lowest fission yields occurred at the reactor 
14 

ends. It was found that fuel i n  these sections underwent 8.6 x 10 fissions per gram U-235, 

and, moreover, that this fuel did not fragment. Fuel i n  the high fission yield section of the 

core underwent extreme fragmentation and vaporization. 

6.5.3 Requirements for Nuclear Self-Destruct 
- -  - ~ - -  - -- - - p~~ p- - 

On the basis  of the above experimental programs, i t  appears the core fragmentation 

can be achieved i f  ssfficient reactivity i s  added at a relatively rapid rate. The exact magni- 

tude of reactivity required i s  still open to question. In order to help answer this question a 

parametric study was conducted to evalt~ate the total fission yield required as a function of 

bath rec'ctivity ~ ~ n d  reactivity insertion ;ate. (35) The study examined the 5000 Mw NERVA 

reactor and used the NERVEX computtr program. The results are shwn .-q Figure 6-31 whcre 

prompt excess reactivity inserted i s  plotted as a function of reciprocal insertion rate for con- 

stant fission yields. If one assumes on the bas is  of the aforementioned experimental results 
15 

thot 10 fissions per gram a.e required for fragmentation, then, i t  follows that for the NERVA 
2 1 

reoctor a total fission of 1.21 x 10 fissions wi l l  be required. Using the NERVEX 

results shwn in  Figure 6-31 ana correcting for t!ie fact that NERVEX predicts a fission yield 
20 20 

of 5.1 x 10 for KIWI-TNT whereas 3 x 10 fissiorls were measured, i t  appears that an 

$1 1 prompt or 1500 $ per second ramp wouid be required for fragmentaf;on, This value should 

be viewed only as an approximation and it wi l l  undoubtedly be modified when mor? refined 

data become oval !able. 

* 
Voli~e was obtained from Figure 19 of Reference 29. 
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Figure 6-3.1. Total Prompt Excess Reactivity Inserted versus the Reciprocal of 
the Ramp Insertion Rate to Give the Number of Fissions Indicated 
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6.5.4 Techniques for Reactivity Insertion 
- - -  

In order that nuclear self-destruct may eventually become a practicable counter- 

measure system, it i s  necessary to devise some technique for achieving requisite reactivity 

insertion. A number of techniques for reactivity insertions have been examined analytically. 
(33) 

These include insertion of a projectile containing a moderating material such as U-235, H 0, 2 
or polyethylene; maximization of reflector control, i. e., obtaining maximum react i i ty  

insertions with either control drums or rods; and insertion of hydrogen or a hydrogenous mater- 

ial to the core. None of these techniques appears entirely infeasible; hcrwever, before they 

can be utilized, insertion requirements must be better defined and engineering problems 

associated in these methods must be solved. 
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CHAPTER 7.0 

RADIOLOGICAL CONSIDERATIONS IN NUCLEAR ROCKET FLIGHT SAFETY 

Knowledge of the exact source term o f  the re-entering radioactive debris i s  necessary 

in  order to evaluate the radiological safety problems of space rtuclear propulsion systems. 

However to define the magnituds of these problems, i t  i s  necsssary to know the extent and 

nature of the interirction of this debris with man aild following such interaction, to estimate 

the manner and extent to which absorbed ionizing radiation would be distributed in man. A 

Radiological Effects Working Group was established within the ROVER F l  isht Safety Program 

for the purpose of developing radiological safety assessment methods and for acquiring data on 

the man-debris interactions associated with the use of nuclear propulsion systems. A compre- 

hensive report presenting the analytical methods and experimental information obtained ia the 

ROVER Radiological Effects Program up to April 1966 has been published by the United States 
(1 

Naval ?.adiologicill Defense Laboratory . The information contained in that report, as part 

of the ROVER Flight Safety Prel iminary Review documentation, has been used in the Safety 
(2) 

Analysis Reports evaluating the use o i  passive re-entry and evaluating destruct and auxiliary 

(3) thrust system countermeasures for EJERVA pcwered space vehicles. Information abstracted 

from Reference 1 i s  presented in the followir,g paragraphs. Equations and mathematical models 

defining the physical and radiological interactions of debris with humans, as derived in 

Reference 1, w i l l  not be repected here. The major purpose of this section i s  to describe the 

factors considered, the assumptions made, and the limitations incurred in developing the 

means to assess the radiological safety aspects of nuclear rocket propulsion. 

7.1 DEFINITION OF RADIOACTIVE DEBRIS 

The characteristics of the re-entry debris depend on the re-entry mode under 

consideration. In the mission safety studiei2 3! two basic re-entry modes have been 

considered: passive re-enb-y of an init ial ly intact reactor and re-entry of debris resulting from 

the explosive destruct action of the reactor. Because the nature of - debris is  a factor i n  

determining the applicability of the debris-man interaction models, the important characteristics 

of the debris for each re-entry mode are summarized below. 
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7.1. 1 Passive Re-Entry Debris 

The disassembly and dispersal of the NERVA reactor under passive re-entry condi- 

tions have been described in Reference 2 and summcrized in Section 6.2. It WU; . bwn  that 

fuel elements w i l l  be eiected at some time following mission abort. The elements Nere 

assumed to be released 2s  integral elements although breakage upon ejection i s  certainiy not 

precluded. During re-entry and upon earth Impact, the fuel elements may be further deqaded, 

but the most probable fragment size has not been determined. The safety analysis of Reference 2 

assumed that the fuel debris remained in the form of integral elemen s. When information 

on passive re-entry fragment size becomes available, debris interaction models and dose exposure 

models can easily be modified to use the information. 

Distribution and location of the debris on the earth's surface w i l l  depend on the 

flight mission and time of failure. For failures following orbit start-up, the earth area 

coverage i s  widely dispersed and impaction of debris w i l l  be , , I  a random manner. For the 

launch azimuth restrictions in use at Cape Kennedy, impact location wi l l  l ie in  a band around 

the earth between 4 0 ' ~  latitude m d  40'5 latitude. For failures from sub-orbit start the 

debris impact location i s  predictable and w i l l  cover smljl l areas, probably on the order ot 

severcl square kilonieter12! The radiwct iv i ty of the fuel and structural material debris w i l l  

depend on the operational and post-operational history and was described in Chapters 3.0 

and 4.0. 

7.1.2 Destruct Re-Entry Debris 

(4.5) The APG-3 explosive destruct tes of a simulated fJERVC.-NRX reactor has 

produced the best available information on the particle size distribution expected from explo- 

sive destrl~ct. A summary of the APG-3 results wa: presented in  Section 6.4. Particle sizes 

varied from 3 microns up tc qpproximately 27 mm. To f a i l  itate the handling of the partic! 5 

size informatiori in the physical interaction and radiological dose models, particle sizes have 
0 1 beer tegorized into twelve size ranges according to their diameter as shown in Tcrble 7-1 , 

and here sire groups have been used by LMSC in their destruct analyses(3). WANL has re- 
(6) 

duced the APG-3 data to eight size groups in their destruct analyses , neglecting particles 

smaller than 105 microns on the basis that particles below this size contained only 2.1 ?err:::lt 
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of the total core uranium. The assumption i s  made h a t  all  patticler in a given size range be- 

have physically and biologically in  essentially the same fashion as the geometric mean br 

that group. 

Distribution and location of the debris on the ear!hl s .urface, as with the passive 

case, depends on the missian model and failure times. F , . s  destruct from orbit, a significant 

portion of the debis wi l l  hove random impact location within the 40°N-400~ latitude band. 

For failure following sub-orbit start-up, typical destruct dsbris footprints have been described 

(6) for +he ~ ~ J ~ ) a n d  NERVA reactors. A further consideration of imal I sired fuel debris i s  the 

rate at which contained fission products may be eluted or 4issolved in water or body fluids. 

(1) Solubility tests performed at USNRDL hare shown that NERVA type fuel beads which have 

an intact pyrocarbon coating do noi lose measurable ~ c t i v i t y  when leached in water and 

simulated gastric juices. Measurement of fission product loss from uncoated and broken coared 

1) beads i s  in progress at USNRDC . 
TABLE 7-1 

DEBRIS SIZE CLASSES 

Class - 
12 
i 1 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Size Range Diameter 
(Microns) 

0 - 10 
10 - 20 
20 - 50 
50 - 100 
100 - 200 
200 - 500 
500 - 1000 
1009 - 2000 
2000 - 5000 
5000 - 10, COO 

10,000 - 20,@1)0 
20,000 - 50,000 

Log Mean Diameter 
(Microns) 

3.16 
14.11 
31.62 
70.71 
'41.113 
313.20 
707.10 . 

1,411.00 
3, 162.00 
7,071 . 00 
l4,llO.OO 
31,620,OO 
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7.2 DEBRIS EXPOSURE MODELS 

The estimation of the biological intemctions which may result from nuclear rocket 

engine f~iiures i s  complicated by the random nature of the deposition of the debris in  the 

biosphere. The exposure conditions for each possible receptor cannot be precisely predicted. 

A mnge of conditionsexists which depends upon the impact location, abundance and size of 

debris, and the population density. Thus, the mathematical description of a dose to a 

receptor m a t  include a factor which defines t3e probability that the receptor and the debris 

w i l l  interact in  a certain manner. The assumptions of "worst case" exposures, where the 

receptor i s  at a fixed distance from the source for an exactly defined time with specified 

shielding conditions, i s  not representative of the exposure history of the great majority of the - 
population that could be ~ o t e n t i a l l ~  affected by these sources. Thus probability functions 

and probability models have been developed to describe the interactions between the debris 

and the receptor. This probability combined with the radiological dose model for given 

exposure conditions ther: provides resulk describing the distribution of dose over the affected 

population group. 

Several exposure routes exist by whkh  humans may be subiected to ionizing radia- 

t i m  from the re-entered debris! The following three primary exposure situa+ions are 

summarized here : external whole body exposure to gamma raci iation, external body (skin) 

exposure, and internal body exposure due to ingestion ar inhalation of radioactive debris. 

7.2.1 External -- Gamma Whole Body Exposures 

An external whole body exposure model has been developed and i s  based on the 

premise that the receptors do not always remcin stationary, but are free to move about in some 

manner. The detclils of one such model, MOREDO (Mobile Receptor Dose) have been 

dll 3 ( 8) describe and have been programmed for digital computer solution . In the MOREDO 

model, the extent of a 3iven individual' s movements is  assumed to be st roqly dependent 

upon his age, occupation, and diurnal habits. I t  i s  assumed that each individual's move- 

ments can be described Ly a Gaussian frequency distribution of separation from an associated 

center of motion, the cisndord deviation of which describes the extent of movement. The 

associated popc~lation dase exposure i s  dependent on the juxtaposition of centers of motion 

(peoplej and radioactive particles. These ore obtained by assuming that both the particle 
L, .----- , -  -r 
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and population distribution are described by the Poisson distribution law. The program ut!lizes 

two options depending on the radioactive particle density: 

1. The particles are sufficiently dispersed on the Earth's surface that any 

given person is under the influence of m l y  a sIngle particle at least 95 percent 

of the time. 

2. When the first option dws not hold, the particles are described as an infinite 

plane source, and the dosage to the popu!ation or, this plane i s  considered. 

The MOREDO program is  a complete radiological dose model, i n  that i t  not only 

considers exposure probabilities, but also calculates (from source term input data) the gamma 

dose distribution within the total population goup, as well as t k  total population gamma 

dose. The MOREDO program was utilized in evaluation of the safety considerations of the . - 

(2) 
passive re-entry of NERVA reactors . 

t3' A modified mobile rec3ptor dose model has been developed by LMS since the 

MOREDO program i s  not compatible with LMSC' s Nuclear Flight Executive Program used for 

mission safety c.lnalyses. The Lockheed model uses exposure probability assumptions similar to 

those in  MOREDO and i s  also a complete radiological dose model, i n  that population doses 

are calculated. 

A non-rnobi le receptor model has been used by LMSC i n  which the population inter- 

action wit11 a debris particle i s  bused on rr static immobile population as well as a source which 

remains stationary after impact. This concept has been used to develop the "exclusion area" 

model. This exclusion area i s  defined as that circj iar area around the given impact particle 

within which the gamma dose received by a person w i l l  equal or exceed a specified value in  

a given exposure period. Since a dose gradient exists relative to the exposure distance to the 

particle, the dose associated with an exclusion area apolies specifically at  the periphery of 

the circle. Those persons within the circular area w i l l  receive a dose greater than the speci- 

fied numbers. The number of persons exposed depends on the population density at the impact 

point of the debris. The model has been programmed and i s  called the Lockheed Exclusion 

Area Code (LEAC) (9f lo). The specified dose values and exposure period required to calculate 

the exclusion area ore optionally selected input data. 
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7.2.2 Epidermal Contact 

To define the interaction between the individuals and nuclear rocket debris via 

direct skin contact requires consideration of three factors: (1) the probability of direct 

contact and retention of the particles with the skin; (2) the probable exposure period during 

which the particle remains on the skin; and (3) the cultural habits of the persons with respect 

to such items as the fraction of time spent indoors, nature and extent of clothing, bathing 

frequency, and physical activity. 

Equations for the probability of contact of with the skip hove been 

derived1! The model relates the numbel of particles interacting with an individual to the 

number of particles deposited per unit ground area. The model considers the area of ground 

shielded by a standing man, and includes the effects of local winds at ground level. To 

calculate !he mean number of particles strikicg and sticking to an individual, "impaction" 

and "sticking" efficiency factors are applied. impaction efficiency corrects for those 

porticles wllich travel around the body with the air flow rather than intercepting the body. 

The sticking efficiency allows for those particles that strike the body but bounce off. 

The probable exposure period during which a particle remains on the skin indicates 

that the surface condition of the skin (rnainlj perspiration and oiliness) and physical activity 

o f  the individual are the most important parameters. From experimental work at ORNL oil 

1 T) empirical relatiunship has been developed between average retentio.1 time and porticle r i r d  . 
For particles in the 40 to 1000 micron range, average retention time varies from about two 

ho~rs  for 1000p particles up to about 10 hours for 4% particles. Eq~ations have then been 

developed to calculate the probability that N particles w i l l  strike and reside on an individual 

for at least some time t. 

Further refinements to the probability models have iricluded consideration of the 

cultural factors of the degree of clothing worn by individuals and the fraction of time spent 

outdoors. Four clothing patterns for potentially affected geographic areas have been 

iden tified'2)-tld estimates of the bare body surface exposed for each category hove been 

calculated. These factors plus a term for the fractional time spe:nt outdoors, then, have been 

included in the final equations for calculating skin contact prolol;, ,iiies. Because o f  the 



complexity of these relationships, the equations are not reprinted here, but may be faund in 

Reference 1, pages IV-13 to IV-21. 

7.2.3 InternalWyExposures 

Two dire-t routes of exposure of internal body organs to radioactive particulate 

dzbris have t,.?en examined in detail: lung exposure and ingestion exposure. Indirect exposure 

by solubilized isotopes wkich enter man via the water or food chain have been investigated. 

However, i t  seems that the maximum organ doses probable by this means wi l l  not cremte a 
(1 

potential biologicoi problem, with the possible exception of radioiodine . Even for this case, 

to receive a significant thyroid dose a purticle must be iarge (I-) and must be ingested 

within a short time compared to the radioiodine half life, and furthermore, the iodine must be 

completely dissolved from the particle dt~ring the time of passage through the gastrointestinal 

tract. Thus, the major effort has been limited to developing models for the direct exposure 

of the lung and the gostr~intestinal troct. 

7.2.3. i Lung Exposures 

Extensive mathematiml models ore developed in Reference 1 (pages IV-23 to 

IV-34) in order to estimte the probability of inhalation of particle and to determine rne 

fraction of particles inhaled tliot actually reach the lungs. The following list summarizes 

those factors considered in arriving at c lung exposure model. f ~ s u l i  Reference 1 for 

details. 

1. Direct inhalation of air suspended particles. This is  limited to porticles 

in the range of 0 to 1%. Larger particles wi l l  not remain suspended in the 

atmosphere for significant times because of their higher settling velocity. 

2. Impaction inhalation in which wind-driven particles up to 1 mm diameter can 

impact on the breathing zone. The model considers different impaction 

efficiencies for the nasal and mouth areas and also considers the fractions of 

inspired volume occurring by both nose and mouth. Nasal passages are 

considered to reject fragments greater thar! 100p, and the mouth i s  assumed to 

trap al l  fragments larger than 1 mm. 



3. The tota: inhalctica exposure is  prt i t i jmed to 

prt icles inhaled via the a and mouth. 

4. Only a fraction of the inhaled particlts reach 

calculate the mean number of 

the lung, Particles deposited in 

the nasal passages and upper respiratcry wi l l  be swallowed (ingestion exposwej 

rather thon gaining access to the deep lung. A-nalytical relationships have 

k n  derived giving :he retention in the lungs 9s a function of size for both 

nose and mouth entry. For mouth-breathed particle:, the maximum particle 

size retained in the lung (assuming graphitic fuel particle of P = 2.2 gn/cm 3, 
i s  15 microns. For nose-breathed graphitic particles, the maximum size 

retained in  the lung is about 7 microns. 

5. For t h e  particles reaching the lung, a biological half l i fe of 120 days i s  used 
61 3' 

as recommended by the ICR for insoluble materials. 

7.2.3.2 Ingestion Exposures 

Ingestion can occur by swallowing those particles trapped in the upper 

respiratory tract or by eating foods containing particles. The probability for ingesting a 

particle via the inhalotion route i s  evaluated using the m d e l  determined for lung expsure, 

assuming the particles not reaching the lung are swallowed. A model for estimating the 

direct ingestion of particles retained on vegetable crops has been propos &a and considers 

such factors as retention efficiency of particles on the plants, crop areas required to feed one 

person, and a reduction factor for processing of the food (washing, peeling, etc.) prior to 

eating. The prokbi l i ty of a given sized particle reaching the gastrointestinal tract i s  calcu- 

lated assuming the particle deposition density varies according to the Poisson distribution. 

The average transit time of a particle through the gastrointestinal tract i s  token as 

31 hours as stipulated by the I C X ~ ' ~ !  Experimental studies performed by the Argonne Cancer 

Research Hospital using insoluble ceramic spheres (30-40p) yielded an average retention time 

(15) of 30 houdl4! LASL experimental studies yielded a mean transit time of 34.5 hourr. 

7.3 RADIOLOGICAL DOSE MODELS 

T h i ~  section summarizes the various radiological -'-se models used to calculate 

either the gamma ray exposure or the beta and gamma dose ,,om contact with a debris 



WANL-TME- 1 5% 

paticlea T h  functions when combined with the interaction probability models 

d i ~ &  in Section 7.2, provide a mans for evaluating th t  dore received by the popula- 

tion for varying debris deposition patterns. 

7.3.1 BetaondGammaEnergyAb60~ptioninfiuue 

The wodels thot have been developed within the ROVER programs to calr,ulate the 

beta and gamma energy deposition in t i w e  are summarized below. I tr geometric considem- 

tions for calculation of absorbed dose by t k  whole body or specific body orgons is  described 

in Sections 7.3.2 to 7.3.5 inclusive. 

7.3.1.1 Beta Dose Calculationol Models 

Two models hove been developed to calculate the beta dose rate from a debis 

(1 04 particle . One vses a modified point source function based on the work of Loevinger . - 
The second model, known as rhe Combined Bnga  Spsncci ( ~ ~ ~ ) ( ' ~ ) m o d e i ,  considers both the 

degradation cf the electron spectrum by the particle and finite absorber geometries. The use 

of the present CBS model is confined to single UC fragments, although extensions to comider 2 
larger NERVA fuel fmgnmts containing several UC2 beads i s  in progress at USNRDL. 

The CBS beta dose model treats the beta dose problem in three parts. The iirst part 

calculates the degraded beta particle spectrum at the surface of the particle. This i s  

accomplished with the aid of three separate computer programs, each with its own separate 

function as follows:. 
(18) 

1. Beta Spectrum Program - computes the beta spectrum for each beta emitting 

nuclide. 

2. Composite Beta Spectrum ~ o ~ r a m ' ~  - produces a point source spectrum for a 

specified mixture of fission products by summing the individual spectra with 

apprqriate weighting for the activity of each contributing fission product 

nuclide. The contribution of each fission product nuclide to the mixture i s  

determined from one of the fission product inventory abundance programs 

(cf. Section 3.1.1). 

3. Beta Spectrum Degradation ~ r o ~ r a m ( ~ )  - ca lculater the emergent degraded 

beta spectra, arising from beta particle energy debrodation within the UC2 

- F U x  A A,---- 

- c 
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part~sle due to scattering and absorption processes. T h i s  program uses analyt- 

ical functiom to ap; roximate the Monte Carlo computation required for deter- 

mination of tho emergent spectra. 

The second part of the CBS model calculates the energy dissipation by fast electrons 

according tc the method of Spence i2" 22! The data of Spencer has been graphed, and a 

computer program perfohms linear interpolation to define on energy diuipation function. The 

third port of the CBS model applies the energy dissipation data to the emergent spectrum. The 

dose rate as c function of radial distance in tissue is summed over 24 energy intervals. This 

depth d a e  rote data is  then integrated over a distonce equal to the rcnge of the beta particles 

to find the total beta energy emitted by the UC pr t ic le,  the average dose to a spherical 
2 

volume, or the average dose delivered to a thin disk at any seiected depth of tissue. An 

example of the CBS model output data has been   lotted and i s  shown in Figure 7-1. 

7.3. 1.2 Gamma Dose Calculational Models 

The gamma dose from an ingested particle i s  derived from multiple scattering calcu- 

lations using a Monte Carlo method to calculate absorbed fracticqs. These absorbed fractions 

are t k  ratio of energy absorbed in a tissue volume to the total energy emitted, and have been 

calculated and tabulated for various anatomical mdels, source distributions, and gamma ray 

energie P3,24) . The average absorbed dose i s  calculated by weighting the gamma spectra 

divided irltc seven energy groups and calculated by the fission product abundance programs, 

(cf. 3. 1.1) to the approximate absorbed fraction values. 

For external whole body gamma exposures, the decay energy i s  d i v i b d  into seven 

energy goups. Separate dose conversion coefficients are calculated for the average gamma 

energy within each group and are used to convert gamma ray flux to absorbed dose rate (MEV/ 
2 

sec-cm to rad/hr). Total dose i s  then obtained by summing over each energy group and 

integrating the dose rate over time. 

7.3.2 External Whole Body Gamma Dose 

The assumption i s  made that the effective height of the receptor i s  one meter above 

the debris particle depositiort plane. Thus, the distance, dl from a particle 
2 2 

the effective height of the receptor is: d = 1 + r , where r i s  the distance 

point source to 

from the source 

. ~. 
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Figure 7-1. CBS Calculations of Betc Spectra and Dose Distributions 
6 (S1 i s  a fission product beta spectrum 10 seconds after fission normalized to 1 emitted electron. 

S2 i s  the corresponding degraded spectrum from a UC2 fragment (6% radius). Dl and D2 ore 
dose distributions in tissue, with the inverse square attenuation removed, as a funciion of 
distance r from a point source, for source spectra 5 ,  and S2.) 



Astronuclear 
Laboratory 

at the base (at the feet) of the receptor. The gamma ray flux at a distance from a single 

particle i s  assumed to be attenuated in accordance with the lnverse square law. Corrections 

for air absorption of gamma rays and gamma ray scattering (build up factor) are applied in  the 

models. 

The above factors are included in th t  LEAC, MOREDO and Lockhezd mobile receptor 

dose models. The MOREDO program also inclt.des a calculational model for exposure to 

multiple particles using a uniformly contaminated plane source dose model. However, the 

MORE30 program has a serious deficiency, in that i t  cannot account for the exposures to 

that segment of the population iocated in the area contiguous to the plane source. Such a 

situation arises in t ' ie case of passive re-entry foli>wing failure from sub-orbital start-up (2) 

in which the fuel debris i s  dispersed over :I relatirely small area of several sq~3re kilometers. 

In this case an approximate estimate of thl: additional population exposed outside of the plane 

source was made by calculating the numb2r of persons located in isodose regions surrounding 

the finite plane source. 

A comparison of the results (~btained using the mobile receptor dose models s d  the 

stationary receptor model has been given in References 1 and 3. When tl-e separation distance 

between the receptor and source(s) i s  small in comparison with the degree of movement of the 

receptor a b u t  his center of motion (a value), tCle mobile receptor model gives signiScantly 

less dose than the stationary model. This Is  the region of most interest to safety analyses, 

since the larger doses arise from close proximity to the source. Conversely as the source 

receptor distance increases and becomes large in comparison with the standard deviation of 

motion, the resvlts of the stationary and mobile models are about comparable. There i s  also 

a region, where the ratio s/u i s  i n  the range of 1.0 to 2.0, in  which the mobile dose model 

can yield a gamma dose greater than that colculated by the stationary model. 

7.3.3 External Beta Skin Dose 

Beta dose to the skin is  calculated by integrating with respect to time the beta 
2 

dose rate (Section 7.3.1.1) to a disk of skin. The disk area of the skin i s  taken as 1.0 cm , 
and the radiatio,, sensitive layer of the skin is  assumed to be 100 microns in depth. The 

biological effects of skin irradiation wi l l  vary with the area exposed, but the critical area, 



i f  any, cannot be defined at this time. This model for calculation of beta dose per particle, 

coupled with the relationships defining probobil i ty of exposure of individuals to debris 

particles (Section 7.2.2), i s  used ts determine the expected number of people receiving a dose 

equal to or less than a specified value. 

7.3.4 Lung Dcse - 
The total beta energy emitted from particles in the lung is  assumed to be aborbed 

by the entire lung. Therefore the average dose i s  the total emitted beta energy divided by 

the ICRP lung mass (1000g) for a 73Kg mar?. Since particles retained in the lung are no 

greater than I+, corrections for particle self-ahsorption can !x neeiected, and the time 

integrated beta energy emission rate from a point source is  applicable. Exposure period i s  

calculated using a 120day biological half l i fe as recommended b) ICRP. 

Gamma dose to the lung i s  coiculared by the method of absorbed fractions, assum- 

ing uniform distribution of the particles in the lung. A data table of absorbed fractions 

applicable to the lung is published in Reference 1, page VI-ll. 

Because of the small particle size retained by the lung, actual dose per particle 

to the lrrrlg is  quite small. Using a nominal 10-minute run for an NRX reactor, aqd assuming 

minimum particle fal l  timzs, the lung dose per particle from a 14-micron graphite fuel 
-5 

particle and a 3micron UC particle was calculated as 8.5 x lo-? rad and 2.5 x 10 rad, 
(1 

2 
respectively . 
7.3.5 Gasti-ointestinal Dose - 

The beta dose at a depth of 300 microns beyond the gut wall i s  calculated for an 

in f i r i te  medium uslng the CBS dose model. The 300-micron depth i s  chosen on the basis that 

the dividing crypt cells in the walls of the intestines are located at this distance. The beta 

dose to the lower large intestine ;s calculated using an avbrage transit time of 18 hours; a 

13-haur transit time i s  used for the passage of the particle through the upper intestine. 

The gamma dose to the gastr, ~test inal tract i s  averaged over the entire 

gastrointestinal tract, assuming an ICRP ~000-gram mass for a 70-kilogram man. The method 

of aborbed fractions i s  used to determine the average energy aborbed (doto table published 

in  Reference 1). I he entire transit time of 31 hours i s  used in determining the gamma dose. 
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(1 
Sensitivity analyses made by USNRDL have shown that the direc.t ingestion route 

i s  more significant than the iv!lalation route for expostjre of the gastrointestinal tract to 

mdioactive particles. Direct ingestion from vegetable c r o p  shows a large possible variation in  

the expected number cf  particles that cauld be ingested. However, a delay between deposi- 

tion on the crops and time of ingestion would be expecied, thereby reducing any potential 

hazard. 

7.4 RADIATION EXPOSURE CRITERIA 

Radiation protection skndards h w e  h e r  established by the following major 

organizations: lnternation Commission of Radiological Protection (ICRP), National Council 

on Radiation Protection and Measurements (NCRP) - USA, British Medical Re5earch Council 

(BMRC), Federal Radiation Council (FRC) - USA, and the Atomic Energy Commission (AEC) - 
USA. Standards of the first three organizations listed are in the form of recommendations; 

those of the latter two have legal status. 

The peacetime radiation protection standards can be divided into two general types: 

normal and emergency conditions. Although any radiological effects resulting from nuclear 

propulsion applications would be the result of an accident situation, the doses may not exceed 

normal population radiation exposure criteria for a l l  but a very small percentage of the 

exposed population. Unfortunately, the established standards do not deal precisely with the 

interactions considered in the ROVER program. For example, irradiation of h~gh ly  localized 

areas or ~/olumes of tissue rather than entire organs i s  not covered by established criteria. 

For normal peacetime operations, the FRC has published radiation protection guides 

for two classifications of persons: radiation workers and the general population. These guides 

are the same as promulgated by the AEC for their licenses and contractors. Tables listing 

(25,2d these standards are not included in this report, but are available i r r  the FRC staff reports 

and also i n  Reference 1, pages Vl l -4 to VI 1-5. Recommendations for the general population 

exposure limits in a peacetime emergency condition have been made by the FRC and RMRC. 

The FRC recommendations pertain to the contamination of human food products due to an acute 
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localized release of radioactivity. The standards are thus applicable to internal doses resulting . . - 
1 37 13'  "'* 90, Cs ). The FRC has not yet from dietary intake of specific radionuclides (I , ~r 

established equivalent standards for inhalation or direct irradiation. The BMRC has published 

(27' emergency iimits for both external and internal 
(28, 29) 

exposures from accidents to mem- 

bers of the general population (also published i n  Reference 8, pages Vll-8 and Vll-9). How- 

ever, these BMRC recommendations make no mention of :he gastrointe:' inal tract doses which 

would result from ingestion or inhalation at the recommended limits. Thus, while the existing 

radiation exposure criteria do nor directly apply to nuclear rocket flight .rations, some 

guidance i s  available for a l l  but the gastrointestinal tract. It i s  concluded that further studies 

on this expowre rcute shouid be continued. In addition, radiation exposere criteria specifi- 

cally applicable to the nuclear rocket program should be developed to aid i n  mission evalu- 

ation. 
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CHAPTER 8.0 

SAFETY ANALYSIS OF SELECTED NERVA FLIGHT MISSIONS 

For the analysis of the safety of nuclear rocket flight operations for any defined 

mission, i t  i s  necessary to obtain basic information on the following: 

I. The kind and number of accidents that can be postulated, 

2. An estimate of the accident consequences, and 

3. The probability thct an accident can occur. 

The previous chapters of this report hwe summarized the available information in these three 

areas as applicable to potential NERVA flight operations. From an evaluation of this 

information an estimate of: the safeness of the mission may be derived. This section sum- 

marizes the results of safety analyses that have been made in the ROVER Progmm for three 

reference nuclear vehicle flight missions. The relative ems-  .he missions and the 

ntitatively expressed in effectiveness of the safety counterm 

terms of the radiation dose received 

8.1 MEASUREMENT OF SAFET' 

In order to judge the safety of a nuclear rocket flight, a nuclear reactor, a nuclear 

engine, or in fact any device or operation, i t  i s  necessary to define some yardstick which 

quantitatively describes the "safeness" of the given device or operation. The term "Safety 

Index" has been used to define a parameter which can in some manner express the safeness of 

an operation. 

Safety indices presently in use in the analyses of nuclear reactor safety and of 

missile range safety are generally indicative of the type of safety analysis performed. 

Safety anolyses of land-based reactors have stressed the consequences of a reactor accident; 

thus the safety index examined frequently i s  the size of the "maxin~m credible accident ". 
On the other hand, chemical rocket propulsion and range safety has emphac:zed accident 
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PI oba t ' ! i ty calculations, based on reliability data obtained from extensive test programs and 

f;om actual flight experience. 

(1 1 A number of safety indices for application to nuclear rockets have been proposed . 
'She rrt& recent mission analyses for application of the NERVA engice (Section 8.2) have used 

two mci safety indices as follows: 

I. Maximum Population Exposure from Worst-case Accident. The worst-case 

ai,cident i s  defined as a failure at  some instant in the flight trajectory which wi l l  result in 

the maximum fission product inventory impacting on land surfaces of the earth. The resulting 

radiation dose levels to the population are then calculated using appropriate population inter- 

action models ana radiological dose exposure models (cf. Chapter 7.0). This safety index 

is  an~logous to the maximum credible accident case for land based reactors, in that the 

accident (loss-of-coolant for the missicns analyzed to date) i s  considered credible, bcct the 

probe, bil ity of failure i s  neglected. 

2. Expected Number of Persons Exposed to a Specified Dose Level for a Given 

Mission. Whereas, theabovesafetyindexiscalculatedontheassumptionthotthefailure 

di-1 in fact occur (at the worst point in flight timc' this index considers the probability of 

failure during the entire flight time of the mission. This safety index i s  based on the nuclear 

stage and engine reliability estimates, and utilizes the failure probability function for the 

specific miss on (cf. S?c)Ion 5.2). The expected number of persons that would be expored to 

a giver1 dose (or dc;re range) as a result of the mis:ion flight is  equal to the integral of the 

product of the F .,bability of failure per unit time and the expected number of people exposed 

for that fa:lure time, integrated over the entire time interval of nuclear engine operation. 

Details ~n the derivation and application of this safety index are described in Reference 2. 

So ne additional >~ fe t y  indices have been used by LMSf in  the safety analyses of 

explosive destruct wad auxiliary thrust system Their numerical values 

were calcv'ot~ -' in the process of obtaining the two mo jor indices described above. 
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Although these lesser indices provide a somewhat more detailed breakdown of the safety 

analysis results, the two major indices have been selected to represent parameters that 

summarize the relative safeness of selected flight missions (3). 

8.2 MISSION DESCRIPTION 

Work has been performed in the ROVER Flight Safety Program to evaluate the 

effectiveness of countermeasure techniques that might be employed to reduce the radiological 

consequences resulting from ran in-flight failure of a nuclear powered rocket(2 4). The 

effectiveness of the countermeasure concepts has been determined for three hypothetical 

rocket vehicle flight missions employing a third-stage powered by a NERVA-type engine. 

Two of the missions employ a NERVA-I (NRX size, 1120 MW) engine. The third miuion 

employs a nuclear stage powered by a NERVA (5000 MW) engine. 

A brief description of each mission i s  presented below. A complete description of 

the flight vehicle, engine chamcteristics, and the mission model trajectory and performance 

data i s  presented in Reference 2. The numerical results of the safety indices which define 

the relative safeness of each mision and the effectiveness of the countermeasures are 

presented in Section 8.3. 

8.2.1 M i ~ i o n  Model I - Orbital Startup of NERVA-I 

Model I is  defined as a 70-hour lunar-transfer miuion involving orbital startup 

of a NERVA-I (1120 MW) powered nuclear stage at I00 nm without rendezvws. The oscent 

trajectory to 100 nm employs an MLV-Saturn V-l boolrter. After the boost p b  ivhich losts 

588 seconds, the nuclear stage i s  in jecttd into a 100 nm orbit. After pori.-orbi t injection, 

the wand stage (MS-ll) of the booster i s  separated and dect lmted to de-orbit velocity. 

The nuclear stage and payload coast in a porking orbit to allow time for chockout and to 

mtisfy launch-window constraints. The nucleor stow i s  s ~ r t e d  and opcroted until injection 

energy for c 70-hour lunar transfer i s  achievtd. The nuclear stage i s  thev jettisoned, having 

deliveced a poylood of IU,OOO pounds ro injection. The NERVA engint operates for 1449. C 



- AstronucIear - 
Laboratory rUI\I IULITe.r * 

WANL-TME-1506 

seconds in this mission. The trajectory simulation for this mission utilized instantaneous 

staging of the three vehicle stages. The nomincll 90minute parking orbit was omitted since 

i t  i s  of l i t t le interest to the analysis. A summary of the nuciear stage trajectory data as a 

function of time after launch i s  shown graphically in Figure 8-1. 

8.2.2 Mission Model I1 - Sub-orbital Startup of NERVA-I 
/ 

Model II i s  defined as a 70-hour lunar-transfer mission utilizing sub-orbital start 

of a NERVA-I (1 120 MW) powered nuc le~r  stage. A MLV-Saturn V-l delivers the nuclear 

stage and payload to an altitude of 91.5 nm. The booster operation lasts 586 seconds. At 

this point, the nuclear stage is  started and operates for 581 seconds to a nominal altitude 

of 100 nm. Because of the shutdown transient thrust, the nuclear stage and payload enter 

an eccentric orbit having an apogee of 289 nm and a perigee of 100 nm. After orbit 

injection, the NERVA i s  pulse-cooled until the point of required restart. When launch- 

widow constraints have been satisfied, the nuclear stage i s  restarted and operates for a time 

period of 1560 seconds until the injection c2erg;. far a 70-hour lunar transfer i s  achieved. 

This mission delivers a paylwd of 157,000 pounds to injection. The trajectory simulation 

included a propellant allowance allocated for after-cooling during park-orbit coast; however, 

the thrust pulses were not included, since shutdown causes the major perturbation on park- 

orbit eccentricity and the effect of after-cooling i s  relatively minor. The nuclear stage 

trajectory characteristics are shown in Figure 8-2. 

8.2.3 Mission Model Il I-Utilizing NERVA Engine 

Mission Model Ill, a Man fly-by mission, requires three launches and involves 

the Earth orbit rendezvous (EOR) and assembly of an orbit launch vehicle (OLV) in space. 

The initial launch of the MLV Saturn V-l and kick stage places a partially fueled nuclear 

propulsion module into a high earth orbit of 262 nm. After checkout of the nuclear stage 

in high orbit, a second launch vehicle and kick stage delivers the orbital tanker which 

provides the rest of the propellant for the nuclear stage. The third launch vehicle, a 
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conventional Saturn V booster, and kick stage deliver the interplanetary spacecraft and crew 

to the rendezvous orbit, where assembly of the OLV i s  completed. Af t i r  assembly and check- 

out, the OLV coasts in orbit to satisfy launch window constraints. The nuclear stage i s  

then started, and the NERVA engine operates until injection energy for the Mars transfer 

i s  achieved, The nuclear stage trajectory data are shown in Figure 8-3. 

8.3 POPULATION DOSE EXPOSURES 

The safety analysis of the passive re-entry approach and of the explosive destruct 

and ATS countermeasure systems for each of the above missions has been descr:bed in 

References 4 and 2, respectively. This section summarizes the radiation dose exposure to 

the general population as presented in these references. A direct comparison of the whole 

body gamma dose population exposures received under passive re-entry conditions a ~ d  the 

exposures received following the destruct or ATS countermeasures has not been made, since 

different exposure models and analysis conditions were utilized. The WANL analyses 

(passive re-entry) used the MOREDO model, and considered the fission product Inventory 

losses occurring by diffusion under loss-of-coolant conditions prior to actual passive dis- 

assembly of the reactor. The LMSCanalyses utilized the exclusion area model for 

population doses and considered no depletion by fission product diffusion. Some exposures 

were also calculated by LMSC utilizing their mobile receptor dose model. The influence 

of using this alternate model i s  noted in the results below where data are available. 

8.3.1 Passive Re-entry 

The maximum population exposures for the worst case accident (Safety Index No. I) 

for the three missions are summarized in  Table 8-1. The number of persons exposed for 

the case of Mission Model II sub-orbit start i s  dependent dn the tumbling rate of the reactor 

during re-entry, which affects the rate of ejection of the fuel elements out of the reactor. 

A slow tumbling rate r e d  ts in a larger contaminated earth area with greater number of 

persons exposed. The expected number of exposures for Mission Model II reported in the 
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table are for the minimum tumbling rate (tumbling rate sufficient such that the core was 

emptied of elements when the re-entry vehicle reached 270,000 feet altitude. ) The 

additional nurnber of exposures external to the plane source are also included i n  the totals 

shown for the suborbit phase of Mission Model II. 

Table 6-2 summarizes the expected number of persons exposed to varying dose 

runges for the three missions (Safety Index No. 2). I t  can be seen that Mission Model II 

results i n  the greatest number of people receiving a significant dose. Note that when the 

$robabilih~ of flight failure i s  considered (including the fact that only failures occurring 

within 7 percent of the total sub-orbital nuclear flight time result in  African impacts) the 

expected number of exposures for the sub-orbit flight portion of the mission i s  very small. 

Thus i t  is  the orbital portion of Mission Model II that introduces the possibility of exposing 

the greatest number of people to a significant dose. 

Analyses of the uncertainties in  the calculated values of population exposures have 

been made and these show that i f  the maximum positive uncertainties in  the results were 

applied to the values of Table 8-1, the expected number of people exposed i n  each dose range 

would increase by not more than a factor of 2 to 3. Negative uncertainties could reduce the 

calculated number of exposures by as much as a factor of 100 or even greater. Thus, the 

analyses are considered conservative, in  that the results are close to the upper l imit of  the 

possible population exposure. 

~ockheed(') has calculated the worst case exposures i n d  the expected exposures 

resulting from "non-countermeasure action" using their exclusion area dose model. Their 

non-countermeasure case is  analogous to the WANL passive re-entry approach in  that no 

direct countermeasure action i s  taken a t  time of failure. The LMSC reference re-entry 

source material i s  considered ta be 1626 fuel elements, released essentially at time of flight 

failure. The delay time in core disassembly and degradation time of the reactor under 

passive re-entry conditions due to post-operational heating has been neglected. Thus for 

failures from orbit start, the non-countermeasure case closely approximates the pa:sive 
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re-entry approach. However, for failures from sub-orbit start (Mission Model II), the delay 

time :n core disassembly and element ejection is  important, and thus the non-countermeasure 

case does not accurately represent the true re-entry characteristics of the radioactive core 

debris. 

The rest*!ts for the worst-case exposures and for the expected txposures for the 

tion-countermeasure case -or a l l  missions are presented in TaJes 8-3 and 8-4, respectively. 

Comparison of tbes- rables with Tables 8-1 and 8-2, show that, i n  general, the non-counter- 

measure case using the exclusion area dose model results in  a lesser number of pencns exposed 

than does !he passive re-entry analysis using the MOREDO dose model. The Mission Model II 

sub-orbif nor?-countermeasure,worst-case exposures are significantly greater than for passive 

re-entry, since the LMSC worst-case analysis resulted in impact of the iuel elements very close 

to the densely populated city of Nova Lisboa, Angola. 

The Lockheed ;Aobile Receptor dose mode~(~kas applied to the analysis of the non- 

countermeasure case for Mission Model II. A comparison of results for the wont case accident 

i s  shown ir, Table 8-5. The mobile receptor resul ts are Lksed on the assumption the receptor 

has a standard deviation of 25 meters from his center of motion (i.e., the receptor has a 

probabilit./ of 0.606 of being within a circle of 25 meters radius about his center of motion; 

see Appendix C of Reference 2). The difference in the expected exposures for Mission Model II 

as calculated bv +he exclusion area and LMSC mobile receptor model i s  shown in Figure 8-4. 

I t  i s  not possible to compare the Lockheed mobile receptor exposures with those obtained by 

the MOREDO program because of differences beiween the two models. 

8.3.2 Explosive Destruct 

The maximum population exposures to whole body gamma doses for the worst-case 

accident are summarized in Table 8-6. Because of the large number of trajectory calculations 

requied for destruct analysis, only the dose received in a 4-day exposure period was calculated. 

However, i t  would be expected that the variation of safety index va!ues with increased dose 

exposure time should follow the same general trend as for the non-countermeasure case 

(Table 8-4). Al l  analyses were made "lobed" destruct pattern with debria concentrated in  

four jets. 
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Figure 8-4. Expected Exposures versus Dose Lew l for Entire Mission Model 11. Mobile 
Receptors with Center of Motion = 25 Meten (Nen-Countermeasure Case) 
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T h e  beta dose skin exposures for the worst case are summarized in Table 8-7. The 
2 

values represent the dose delivered to a 1 cm disk of skin. The skin depth dose (at 10% 

depth) was also calculated, and the results generally were about 100 times as high as the 

disk dose. Data are insufficient to determine which of !he tw methods of representing dose 

from a particle w i l l  be of greater value in correlating biological damage. The gastro- 

intestinal troct interaction probabilities were analyzed, but were found to be small (less than 

a factor of 3000) in comparison with skin contact exposure probability. T he dose levels for 

gastrointestinal exposures are generally near those for skin (within a factor of about 2), so 

thot adit ional exposures by this route are considered negligible. 

The expected population exposures for each mission (Safety lndex Ne. 2) are 

summarized in Table 8-8. 

8.3.3 Auxiliary Thrust System 

Safety indices analogous to those defined for the passive re-entry (or non-counter- 

measure) and destruct hove been d r f inA2 '  The basic assumption for deriving the ATS safety 

indices i s  that when the ATS operates properly, zero exposures result; when i t  does not, the 

number of exposures and inventory ore nearly identical to those of the non-countermeasure 

core. 

The reliability of the ATS system i s  used to calcuiate both the exposures given a 

failure (given failure at maximum impact inventory for Safety lndex No. 1) and the expected 

number of exposures for the entire missicn (Safety lndex No. 2). I f  the reliability of the ATS 

at some time, t, i s  R then (1-R,) i s  the probability that the ATS wil l  not work. Thus, the 
t' - 

expxted number of exposures given a failure i s  merely: 

N = N (1 - Rt) = (1 - Rt, . 
ats 

N. 
I = 1  I 

where : 

N 
cts = numkr of exposures given a failure when the ATS system i s  carried 

N = number of exposures given a failure in the non-countermeasure case 

n - the number of regions in which impact occurs 





Similarly, i f  the ATS reliability Is assumed ro be cmrtont rhroughout the flight, the 

expected exposures for t k  entire mission w i l l  he: 

(21 A reliability of R = 0.95 war assigned by LMSC In the safety analysis of ATS optre- 
t 

tion. This reliability wus assumed to be constont throughout the missions. Thri: the calculated 

exposures values for ATS operation are equal rimply to the values of the non-countermsure 

case exposures ( 1  ables 8-3 and 8-4) times (1 -0.95); thot is, t k  expected AT S exposures are 

1/20th of the non-countermeasure expasure values. These expected ATS exposures for the 

worst-case accident and for the entire mission are tabulated in Tables 8-9 and 8-10, 

respectively. Values for Mission Model II by the mobile receptor model are included for 

comparison. 

8.3.4 Nitclec~r (Self) Destruct 

A detailed safety analysis of the nuclear destruct countermeasure concept as applied 

to the three mission models has not been mode. However, a preliminary study was made by the 

NUS Corporation to present a comparison of the radiological consequences between the high 

explosive destruct and nuclear destruct ~ o n c e ~ t $ ~ ' .  The analysis is  based cn experimental 

data obtained from the APG-3 and KIWI-TNT experiments, and utilizes the exposure 

probabilities and radiological dose models that are summarized in Chapter 7.3 of this report. 

The characteristics of the fuel debris following nuclear and explosive destruct wi l l  

exhi bit several differences. The most important differencesin the characteristic that wi l l  

affect population exposures are the size and number distribution of particles, the fission pro- 

duct inventory lost by vaporizotion, and the fission product distribution in the debris particles. 

The NUS analysis considered a sub-crbital start mission of an NRX-size reactor, with 

failure and destruct occurring lOPO seconds after launch (nearly identical to Mission Model 11). 

The radiological doses are derived from consideration of the particle ground density and the 

fission product activity per particle. For explosive destruct, the inventory of fission products 

was assumed uniformly distributed throughout the particle volume. For nuclear destruct, the 
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fission products were assumed uniformly distributed over the surface of the particle, and using 

graphical data from the T N T  test on number versus size distribution the inventory per particle 

was calculated. 

Explorive destruct results in a large proportion of very rmail particles, with maximum 

particle sire of 26.9 mm. Nuclear destruct (TNT Test) created a lesser total number of 

particles, but with a significant number of fragments (ca 9600) in the 56 to 100 mm size range. 

These larger fmgments account for approximately 96 perc 2nt of the total activity of the 

fragments. 

The safev analysis showed that the external whole body gamma dose exposures 

resulting from nuclear destruct are at least 50 times greater than those which could occur from 

explosive deshwct. The population dose and the average individual dose for persons exposed 

in Africa are: 

Man-Rad Rad/Psrson 

Explosive Destruct 3.2 x 10 
3 0.054 

Nuclear Destruct 4.4 x 10 5 7.5 

Analysis of gastrointestinal tract doses shows the exp1osi;e destruct system offers 

less dose for a given exposure probability than does the nuclear destruct. 'This analysis 

considered a ,two-thirds depletion of the fission product inventory due to v~porizotion in the 

case of nuclear destruct based on the KIWI-TNT results. However, any loss of fission pro- 

ducts condensed on the surface of the nuclear destruct debris during re-entry has been 

neglected. An appreciable loss by ablation or burn-up during re-entry could significantly 

affect the above conclusions. The reactor operating and post-operational temperature effects 

may significantly alter the particle size and the size distribution for either destruct system, 

In addition, +he explosive destruct te-t: conducted to date do not adequately reproduce 

conditions that exist at time of destruct with a flight configuration system. Similarly, the 

data from KIWI-TNT does not provide adequate data as to the ccpabilities and requirements 

for nuclear destruct. Thus, a comparison of the radiological consequences to the population 

due to the two destruct countermeasures cannot be evaluated with a high degree of confidence. 
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